


VOL. 30, NO. 3 AUGUST 1958 


ao 


e je @ @ je @ 


. 


PUBLISHED 
BIMONTHLY BY THE 
BUREAU OF 
PUBLIC ROADS, 

U. 
OF COMMERCE, 
WASHINGTON 


ee ¢.0.0.¢ £4. © © ¢@ S66. 6. e ee eee © oe aR ° \* . 
TO DWo|@ @ GVW O Bo 73 GHW DW EF OHO FAO OW FAS 


SOR ArH ODD AO FE Ow 















ortation 


orary AUG | 3 1958 


Public Roads 


JOURNAL OF HIGHWAY RESEARCH 


S. DEPARTMENT 






= 


* a i oe ™ 
Se i oe 


Grading of Interstate system highway, U. S. 99, between Roseburg and Myrtle Creek, Oreg. 











Public Roads 


A JOURNAL OF HIGHWAY RESEARCH 
Published Bimonthly 


Vol. 30. No. 3 fugust 1958 
C. M. Billingsley, Editor 





BUREAU OF PUBLIC ROADS 


Washington 25, D 


REGIONAL OFFICES 


No. 1. Delaware and Hudson Bldg., Albany 1, N. \ 
Connecticut, Maine, Massachusetts, New Hamp 
shire, New Jersey, New York, Rhode Islar 
and Vermont. 
No. 2. 707 Karles Bldg., Hagerstown, Md. 
Delaware, District of Columbia, Maryland, O} 


IN THIS ISSUE Pe nnsylvania, Virginia, and West Virginia 


No. 3. 50 Seventh St. NE., Atlanta 23, Ga. 
Vlabama, Florida, Georgia, Mississippi, Nort 
Carolina, South Carolina, Tennessee, and Puc 


» . 
ico 


No. 4. South Chieago Post Office, Chicago 17, Il 


Pore Pressures i ase Course 5! 
Pore Pressures in Base Courses eda 53 i Kei Coa Wi, ak 
CONSiN 
\ Rapid Method Utilizing Surface \rea Measure- No. 5. Federal Office Bldg., Kansas City 6, Mo 
ments in Predicting the Amount of Cement Jowa, Kansas, Minnesota, Missouri, Nebra 


. one ° — ‘ North Dakota, and South Dakota. 
Needed to Stabilize Plastic Soils 63 
No. 6. Post Office Box 12037, Ridglea Station, Fort 
Worth 16, Tex. 


Lateral Placements of ‘Trucks on ‘Two-Lane = 
Arkansas, Louisiana, Oklahoma, and Texas. 


ighwavs and Four-Lane Divided Highways. 71 a Ps ee 
Highways and Four-La © — ; No. 7. Old Mint Bldg., San Francisco 3, Calif 
Arizona, California, Nevada, and Hawaii. 
. . = : , — Qn — ; 
Ne ‘ation: Highway Statistics, 1956 5 At 
’ Ne ” | ubhic ation Hig ae oe ; No. 8. 753 Morgan Blidg., Portland 8, Oreg. 


Idaho, Montana, Oregon, and Washington. 
No. 9. Denver Federal Center, Bldg. 40, Denver 2 
Colo 
Colorado, Vew Mexico, l lah, and Wyoming 


No. 10. Post Office Box 1961, Juneau, Alaska 


Alaska. 


No. 15. 1440 Columbia Pike, Arlington, Va 
Feastern Naiional Forests and Parks. 





PUBLIC ROADs is sold by the Superintendent of Documents, G 
nt Printing Office, Washington 25, D. C., at $1 per year (2 


mal for fereign mailing) or 20 cents per single capy. F: 





tribution is limited to public officials actually engaged in plan! 


constructing highways, and to instructors of highway engin: 
here are no vacancies in the free list at present. 
Use of funds for printing this publication has been approved 


U. S. DEPARTMENT OF COMMERCE ee Se Ee ee es ey ee 
SINCLAIR WEEKS, Secretary 

LOUIS S. ROTHSCHILD, 

Under Secretary for Transportation 


BUREAU OF PUBLIC ROADS 





BERTRAM D. TALLAMY. Administrator Contents of this publication may be re- 
printed. Mention of source is requested. 











i i 





Hl 





ore Pressures in Base Courses 


BY THE DIVISION OF PHYSICAL RESEARCH 


BUREAU OF PUBLIC ROADS 


Although it is desirable to keep roadway 
base courses dry, they usually get wet in 
spite of efforts to prevent entrance of water 
or to provide drainage. However, the sta- 
bility of granular material depends more on 
the state of stress in the pore water than on 
the amount of water present. 

A load applied to wet soil (total pressure) 
is carried between the soil grains (intergran- 
ular pressure) or on the water (pore pres- 
sure). Since the strength of soil depends 
upon the intergranular pressure, any pore 
pressure reduces the strength because the 
intergranular pressure equals the total pres- 
sure minus the pore pressure. 

Therefore, measures which prevent the 
development of pore pressures may main- 
tain the stability of a base course even 
though the material stays wet. This re- 
quires minimizing the amount of fines 
without making a material too harsh to 
place with a uniform high density. 


URING the spring and summer on sunny 

days, water was often observed on the 
surface of an experimental flexible pavement 
(1, 2)? built at Hybla Valley, Va. Beginning 
about 2 years after construction, water ap- 
peared during the early afternoon and disap- 
peared in the evening. This water movement 
is not attributable to fluctuations of the water 
table in the subgrade because the test sections 
of pavement were built on a 5-foot clay fill, 
designed to provide uniform subgrade condi- 
tions during the period that static and moving 
load tests were scheduled. A similar phe- 
nomenon had been reported in Texas (3) and 
was attributed to pore pressures related to 
temperature changes in the base course. Re- 
lated effects of pore pressures are given in 
published reports for bituminous surfaces (4), 
roofs (5), and paint (6). 

To study this condition quantitatively, con- 
current records were made of barometric 
pressures and temperatures and manometer 
pressures at various depths below the surface 
of the test pavement. Also fluctuations in 
the height of the water table in the base 
course were observed in holes dug through 
the pavement, and measurements of the height 
were made simultaneously with other readings 
for correlation purposes. Ample data on the 
moisi ure-density of the base course were avail- 
able for correlation, because this study was 
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'This article was presented at the 37th Annual Meeting 


of the Highway Research Board, Washington, D. C., Jan- 
uary 1958. 
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conducted during the same period that load 
tests were made to evaluate the thicknesses 
of the various sections of flexible pavement. 

This article presents the theoretical relation 
between temperature and pore pressure, its 
correlation with field measurements, and gen- 
eral observations of the effect of pore pressures 
on the stability of base courses. 


Effects of Temperature Changes on 
Air-Water Mixtures 


At temperatures above freezing, the voids 
in a base course are filled with air carrying 
various degrees of water vapor and water 
with dissolved air. The volume of the air- 
water components for any temperature and 
pressure condition can be calculated from the 
gas laws of Boyle, Charles, Dalton, and Henry. 
For example, assume a condition in a base 
course where the volume of voids for a given 
volume of base is 100 cc.; also assume that 


Reported! by EDWARD S. BARBER and 
GEORGE P. STEFFENS, Highway 
Physical Research Engineers 


these voids are filled with 88 cc. of water sat- 
urated with dissolved air and 12 cc. of air 
saturated with water vapor at 32° F. and a 
pressure of one atmosphere (760 mm. of 
mercury). 

From the properties of water taken from the 
International Critical Tables (7), shown in 
table 1, and molecular weights of 29 and 18 
for air and water, respectively, the following 
calculations for several assumed temperatures 
and pressures indicate how the data used later 
in this article were developed for correlation 
purposes. 

Using a specific volume of water 1.00013 
(see table 1 for 32° F.), the weight of 88 cc. of 
water is 87.989 g. The vapor pressure at 32° 
F. is. 4.58 mm., which leaves a partial pressure 
on the dry air of 755.42 mm. The weight of 
dissolved air by Henry’s law, using the solu- 
bility of air in water (partial pressure per mole 
fraction) at 32° F. of 3.277 x 10’, is 87.989 x 


Table 1.—Physical properties of water 














Temperature | Saturated vapor Air solubility, 
Specific | Specific Viscosity | a Se Sst ___| partial pres- 
| gravity | volume tension | sure per 
ee ea | Pressure | Density mole fraction 
| | | | 
| | Dyne-sec./em.? | Mm. Hg. 
x 10-3 Dynes/jem. | Mm. Hg. |  M6o./cc. x 107 
32 | O | 0.99987 1.00013 17. 94 75. 64 4. 579 0.00485 3.277 
33.8 1 .99993 | 1.00007 17.32 75. 50 | 4.926 | .00519 3. 361 
35.6 | 2 .99997 | 1.00003 | 16.74 75.35 5. 204 . 00556 3. 450 
37.4 | 3 .99999 | 1.00001 16. 19 | 75.21 5.685 | 00595 =| 3. 536 
39.2 | 4 1. 00000 1. 00000 15. 68 | 75.07 6.101 | 00636 3. 624 
41 5 |  .99999 1.00001 15.19 74. 92 6.543 |  . 00680 3.712 
| 
42.8 | 6 |  .99997 1. 00003 14.73 74.78 7.013 | .00726 3. 803 
44.6 | 7 | ~~ .99993 1. 00007 14, 29 74. 64 7.513 | .00775 3. 894 
46.4 8 | .99988 1.00012 13. 87 74. 50 8.045 . 00827 3. 985 
48.2 | = . 99981 1.00019 13. 48 | 74.36 | 8.609 |  .00882 4.076 
50 | 10 | 99973 1. 00027 13. 10 74, 22 9. 209 00941 4. 168 
51.8 | 11 | # .99963 | 1.00037 12. 74 74.07 | 9. 844 . 01002 4. 257 
53.6 12 .99952 | 1.00048 12. 39 73. 93 | 10. 518 . 01067 4. 347 
55.4 | 13 | .99940 | — 1.00060 12. 06 73. 78 | 11.231 | .01136 4. 438 
57.2 | 14 | .99027 1. 00073 11.75 73. 64 | 11. 987 . 01206 4. 525 
59 | 15 | .99913 1. 00087 11. 45 73. 49 | 12.788 | . 01283 4. 612 
60.8 | 16 | . 99897 | 1.00103 11.16 73. 34 | 13. 634 . 01364 4.701 
62.6 | 17 | .99880 | 1.00120 10. 88 73.19 | 14. 530 . 01447 4. 789 
64.4 | 18 .99862 | 1.00138 10. 60 73.05 | 15.477 . 01536 4. 874 
66. 2 19 | .99843 ° | = 1.00157 10. 34 72. 90 | 16.477 . 01631 4. 964 
6 6| = 6 99823 | 1.00177 10. 09 72.75 17.535 | .01730 5.044 
| | 
69.8 | 21 | .99802 | 1.00198 9. 84 72. 59 | 18.650 | .01835 5. 130 
71.6 | @ | .9o7s0 1. 00221 9.61 72. 44 | 19.827 | — .01942 5. 216 
73.4 | 23 | ‘90757 | 1.0024 | 9.38 72. 28 21.068 |. 02058 5. 207 
75.2 2 8| 99733 | 1. 00268 9.16 72.13 22. 377 . 02178 5. 379 
77 25 | .99707 | 1.00293 8. 95 71.97 23.756 | .02304 5. 468 
| | | 
86 » | .99568 | 1.00434 | 8.00 71.18 31. 824 | . 03035 5. 858 
95 35 | .99406 | 1.00598 7.21 70. 38 | 42.175 |  .03960 6. 249 
104 | «640 |S 99225 |S 1.00782 | 6. 54 69. 56 55. 324 0511 6.611 
113 | 45 .99024 =| ~—- 1. 00985 5. 97 | 68.74 | 71.88 | . 0656 6. 916 
1222 | 5O | .98807 | = 1.01207 5. 49 67.91 | 92.51 | 0832 7. 188 
131 55 | .98573 | 1.01448 5.07 67.05 | 118.04 | . 1046 7.43 
140 | 60 | 98324 | 1.01705 4.70 | 66. 18 | 149.38 |  . 1305 7. 64 
149 | 65 | .98059 | ~ 1.01979 4.37 65.3 | 187. 54 1615 7.83 
158 | 7 | .97781 | 1.02270 4.07 | 64.4 233.7 . 1984 7. 98 
167 | 75 | .97489 | 1.02576 3.81 | 63.5 | 289. 1 . 2421 8.09 
| | | 
76 | 80 | .97183 | 1.02809 3. 57 | 62.6 | 355.1 . 2938 8.17 
185 8 | .96865 | 1.03237 | 3. 36 61.7 | 433.6 . 3541 8. 21 
194 90 | 96534 | 1. 03590 3.17 60.8 525.8 . 4241 8. 22 
203 | 95 .96192 | 1.03959 2.99 | 59.8 633.9 . 505 8. 20 
212 100 | 95838 | 1.08843 2.84 | 588 | 760.0 ‘598 8.16 
| ' ' 
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GAGE PRESSURE 


- INCHES OF WATER 


Figure 1.—Relation of volume and pressure for 0.88 volume of water and 0.12 


volume of air at 32° 


29/18 x 755.42/(3.277 x 107)=0.00327 g. 
Since a molecular weight of air occupies 
22,400 ce. at 760 mm., the density of dry air 
by Boyle’s law is 29/22,400 x 755.42/760= 
0.001287 g./ec. Using this value, the weight 
of dry air in 12 ce. of saturated air is 0.001287 
x 12=0.01544 g. 

If the temperature is raised to 68° F. and 
the total pressure remains constant at 760 
mm., the volume of water becomes 88.145 ce., 
the vapor pressure becomes 17.54 mm., and 
the partial pressure of the dry air is reduced 
to 742.46 mm. With the solubility coefficient 
decreased to 5.044 x 10’, the weight of the 
dissolved air becomes 0.00209 g. and releases 
0.00118 g. to make the total free air 0.01662 g. 
At 68° F. the density of dry air by Charles’ 
law is 29/22,400 x 742.46/760 x 492/528= 
0.001180 g./ec. The volume of dry air, using 
this calculated value of density, is 0.01662/ 
0.001180= 14.080 ce. Thus the total volume 
becomes 102.23 ec. (88.145-+ 14.080), which is 
an expansion of 2.23 percent in the air-water 
mixture when the temperature is 
from 32° F. to 68° F. 

Using a coefficient of cubical expansion of 
stone 18 x 10-* per degree F., this 36° F. 
temperature change would cause, at the most, 
an expansion of 0.07 percent (18 x 10-* x 36) 
which is negligible compared to the 2.23- 
percent increase of volume in the air-water 
mixture from 32° F. to 68° F. 

If the temperature is held constant at 68° F. 
while the pressure is increased 25.4 mm. 
(13.6 inches of water), the dissolved air in 


changed 
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F. and zero gage pressure. 


water is increased by 0.00209 x 25.4/742.46= 
0.00007 g. leaving 0.01655 g. of dry air. The 
volume of this weight of free dry air is 0.01655/ 
0.001221—13.56 ce., and therefore the total 
volume of water and air becomes 101.71 ce. 

Similar calculations for various tempera- 
tures and pressures provide data for figures 
1, 2, and 3, which show graphically the 
relations between temperature, pressure, and 
volume for an air-water mixture of constant 
composition. In these calculations, zero gage 
pressure is taken as 760 mm. of mercury. 

The rates of change of volume with tempera- 
ture for various air-water compositions are 
shown in figure 4, and figure 5 shows the 
amount of free air at various temperatures for 
several air-water compositions. ‘The relation 
between pressure increase and temperature 
increase for various compositions at a con- 
stant volume with zero initial gage pressure 
is shown in figure 6. In figure 4, it is noticed 
that the volume increase per degree F’. increase 
becomes greater as the relative amount of free 
air increases. On the other hand, figure 6 
shows that the pressure increase per degree F. 
increase is at a maximum for zero free air and 
decreases with greater amounts of free air. 


Pore Pressures’ Related to Cyclical 
Temperature Changes 


If the temperature varies with time, and 
conditions are such that there is no movement 
of water and escape of air from a base course, 
the changes in pore pressure will be propor- 


tional to the temperature change shown in 


figure 6 for various air-water mixtures. How- 
ever, if the pressure changes in the voids and 
the conditions are such that the downward 
movement of air or water from a wide thin 
dense base course is obstructed, either by 
relatively impervious fine-grained subgrade 
material or a frozen saturated sand, it will 
slowly drain laterally with the tendency to 
move upward through or into the upper part 
of a less saturated base. 

This latter condition simulates a system 
corresponding to that occurring in a one- 
dimensional consolidation test with one im- 
pervious face, i. e., impervious boundaries at the 
bottom and sides of the base course and a 
reservoir of high permeability at the top 
(surface), except that the coefficient of con- 
solidation, c,, is taken as the permeability 
divided by the compressibility of the air-water 
mixture in an incompressible base course, 
instead of the permeability divided by the 
compressibility of the base course with incom- 
pressible water. Let the base (thickness of //) 
be subjected to a sinusoidal temperature 
change of unit period with uniformity in 
temperature changes from top to bottom of 
the base, such that with no drainage the 
pressure would be 27(t+) as shown in figure 7. 

Under these conditions, consider an incre- 
ment of applied pressure, dp=2z cos 2x(t+-x)dt 
which is constant to time zero; at time zero, 
the effect of dp is reduced by the degree of 
consolidation to dp’. From equation 46, page 
16 of Pusiic Roaps Magazine for March 1937, 
the reduced pressure is: 


‘ ‘ f /, 
dp’ =2z cos 2x(t+2) > 
n=1,3,5... 


nx "et 

+ 4H? . nz, 

ae ia ke 
where t’(=—+#) is the elapsed time from pres- 
sure application to time zero and z is the depth 
below the upper permeable boundary. Con- 
sidering the impervious boundary (z= H) and 
expanding cos 2x(t+.2) to (cos 2t cos 2rx—sin 
2rt sin 2rx), the total resulting pressure at time 
zero, assuming the application of pressure to 
have started at minus infinity, is: 


8 £0 
p’= — (cos 2nt cos 27x — 
m=1, —3,5... %J—-©@ 
m2n2ct 
sin 2nt sin 2rz)e 2 
; : 8 
By integration p’= p * — 
m 1,—3,5... ™ 
min c 
~~ rE cos 2rx+2-n sin 22 


—— 





qt 
m +5 es) +e" 


or p’=A cos 2rz+B sin 24x 
m (#3) 
2 \H?/ 


c\? zs , 
1+ (Fe 64” 


ong 


m=1 =, 
’ ’ eee 1+(f5) xm 


where A 
m=1, —-3,5... 


and B 
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TEMPERATURE -DEGREES F 


Figure 2.—Relation of volume and temperature for 0.88 volume of 


water and 0.12 volume of air at 32° F. and zero gage pressure. 


A and B have been numerically calculated 
for various values of c,/H? as shown in table 2. 
By combination, p’ =7 A?+ B?sin (2rx-+-are tan 
A/B) which is a sine wave with an amplitude 
of ¥ 42+ B? and a maximum occurring (are tan 
A/B)/2m before the maximum for no drainage. 
The calculated amplitudes (¥A?+B?) and 
phase displacements (are tan A/B)/2zx of the 
resultant sinusoidal pressure curves for various 
values of c,/H? are shown in table 2. 





In figure 8 the sinusoidal pressure curve for 
no drainage (c,/H?=0) is shown starting at 
time zero with a pressure of zero increasing to 
& maximum relative pressure of 1.00 at 0.25 
cycle and then decreasing to zero pressure at 
0.50 eyele. This curve is shown because it is 
used as a base for calculating the relative am- 
plitudes and phase displacements for other 
values of c,/H?. The peaks of the curves for 
Various drainabilities are shown in figure 8 by 
the points on the line denoted as locus of 
maximum pressures. For comparative pur- 
poses a complete half-cycle is also shown for 
Cy H =1. 

For zero permeability (c,/H?=0) there is, of 
course, no drainage of pore water and for very 
high permeability (high c,/H?) the pressure is 
lost by the escape of water. It is noted that 
When c,/H? is less than 2, the maximum pres- 
sure is greater with drainage than with no 
drainage. Also the maximum pressure pre- 
cedes the maximum temperature (pressure 


og 10 drainage) when c,/H? is greater than 
3, 
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Temperature and Pore Pressure 
Measurements 


A flexible pavement, consisting of various 
thicknesses of gravel base (8 percent passing 
No. 200 sieve after construction) and a bitu- 
minous concrete surface, was constructed over 
a well-compacted fill of relatively impervious 
clay at Hybla Valley by the Bureau of Public 
Roads. A comprehensive testing program of 
static and moving loads was conducted over 
a period of about 5 years. Several years after 
the pavement was built, a series of pressure 
and water table fluctuation measurements 
were made in the base course because of the 
movement of free water from the base course 
through the bituminous concrete surfacing 
during the spring and summer. 

Temperatures at various depths were meas- 
ured with thermistors, and water pressures 
were measured with water manometers. 
Measurements of the fluctuations in the height 
of the free water table in the base course were 
recorded simultaneously with pressure and 
temperature readings to assemble data from 
which the graphs shown in figure 9 were 
developed (8). A study of the data shown 
in figure 9 indicates that the temperatures 
measured at the top and bottom of the base 
course are cyclic in nature, and that the 
amplitude of the temperature fluctuations 
decreases with depth below the top of the 
base course. The temperature at the bottom 
of the base course lags behind the top of the 
base because of the insulating effect of the 
base course. 

The pore pressure, measured by the ma- 
nometers, and the water level observed in the 
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Figure 3.—Relation of pressure and temperature for 0.88 volume of 
water and 0.12 volume of air at 32° F. and zero gage pressure. 
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TEMPERATURE - DEGREES F. 


Figure 4.—Volume increase with temperature at zero gage pressure 
for various air-water mixtures. 


4-inch diameter holes dug through the pave- 
ment and base course also show a cyclic fluc- 
tuation and follow the same general trend 
observed for the temperatures at the top and 
bottom of the base course. The height of 
water in the 4-inch diameter holes is a reflec- 
tion of the water table but is considerably 
damped due to the capacity of the holes. 
The surface elevation of the pavement also 
increased slightly with increased temperatures. 
The average of 16 measurements on the 
base course gave a dry density of 143.9 pounds 
per cubic foot and a moisture content of 5.3 
percent. With a measured specific gravity of 
2.66, the voids are computed to be 13.3 per- 
cent of the total volume. This average mois- 
ture content, calculated for 90° IF. conditions, 
shows that the voids are comprised of 0.92 
part of water. Using figure 5 this corresponds 
to about 0.06 part of free air at 32° F. and 
from figure 6, this corresponds to a pressure 
increase of 2.3 inches of water for one degree 
rise in temperature at approximately the 90° 
F. condition. The change in pore pressure 
for a no-drainage condition in the 12-inch base 
course can be calculated from the temperature 
and barometer readings shown in table 3. 
For example, at 1 p. m. on August 26, 1954, 
the temperature increase from the _ initial 
readings (taken at 7 a. m. on August 25) is 
3.7° F. (92.2-88.5); the corresponding pore 
pressure iricrease is 3.7 x 2.3=8.5. However, 


since the barometric pressure during this 





AIR - PART OF TOTAL VOLUME 





period changed 0.15 mm. (30.02-29.87), the 
pore pressure due to the temperature change 
of 3.7° F. is increased by 2.0 inches (0.15 x 
13.6) giving a total of 10.5 inches which, added 
to the initial pressure reading of —0.3 inch, 
gives a calculated pore pressure of 10.2 inches 
The calculated pressures shown in the right- 
hand column of table 3 were computed in a 
similar manner and are compared with the 
observed manometer pressure readings in 
figure 10. 

Water was observed at the surface of thie 
3-inch bituminous surface on the 12-inch 
base course on August 25. However, the 
maximum manometer reading observed was 
13.3 inches during the same period. A study 
of the temperature and pressure data shown 
in figure 9 indicates that the temperature 
measured at the top of the base course in- 
creases more rapidly than the corresponding 
temperature measured at the bottom of the 
base course and is of a greater magnitude. 
This effect would tend to result in an increase 
in the pore pressure measured by the manom- 
eter at the bottom of the base course. 

The lower values in the manometer readings 
can partially be explained by the fact that 
some flow of water is required before the 
manometer registers. Furthermore, as shown 
in figure 8, for example, at c,/H?=1, the maxi- 
mum measured pressure develops before the 
maximum pressure calculated for a no-drainage 
condition inthe base course (c,/H?=0). Although 
there is a time lag between the manometer 
readings and the calculated pore pressures for 
the no-drainage condition shown in figure 10, 
it is obvious that there is a direct relation 
between temperature and pore pressure oc- 
curring in the base course. Smaller pressure 
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Figure 5.—Composition of air-water mixtures (zero gage pressure). 
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Figure 6.—Pressure increase with temperature at constant volume for 
various air-water mixtures. 


and temperature changes were measured in 
an 18-inch base course, and much higher 
pressure changes would be expected in a 6- 
inch base course because of the greater tem- 
perature changes. 

A series of observations of pressure and 
temperature were made over a period of 4 
weeks, excluding weekends, and are shown in 
table 4 for comparative purposes. To evaluate 
these data, it was necessary to make several 
assumptions which are as follows: 

(1) Constant climatic conditions were as- 
sumed prior to August 30 and linear inter- 
polation was used to estimate conditions over 
weekends. 

(2) The calculations of pressure were based, 
as before, on a constant air-water composition. 

(3) Zero time lag was assumed in making 
the comparison of maximum measured pres- 
sures with maximum calculated pressures. 

(4) A mean pressure of one atmosphere, 
760 mm. of mercury, was assumed as a base 


for calculating daily cyclical changes in pore 
pressure. 

(5) To compensate for the changing daily 
mean temperature and barometric pressure, 
a 4-day lag with a parabolic decrease with 
time was assumed to calculate the daily 
effective mean temperature and barometric 
pressure. 

This adjustment is based on the fact that 
after the rains from September 17 to 21, the 
average manometer reading was above zero 
for about 4 days until the excess water which 
entered through the surface seeped out lat- 
erally. With the assumed 4-day lag and a 
parabolic decrease with time, the effective 
temperature and barometric differential for 
previous days is the sum of 0.55, 0.35, 0.20, 
and 0.10 times the respective change in the 
average of the barometer and temperature 
changes for the previous 1, 2, 3, and 4 days. 

Hourly readings were taken from 8 a. m. to 
11 p. m. on each weekday for the 4-week 
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Figure 7.—Cyclical pressure applied with no drainage. 
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Table 2.—Factors for cyclical pressure 
change 

| Abscis- 
Cy/H? A B JA2+ RB? are tan A/B) saof 
| x maxi- 
mum 

—_ = 0 TARO waabeainn 

o | 0 1.000; 1.000 | 0 0. 250 
0.1 —0. 005 . 994 | 994 | —0. 001 . 251 
.2 —.028 | 1.026! 1.026 —. 004 . 254 
3 —.007 | 1.078 | 1.078 |  —.001 . 251 
5 .096 | 1.132] 1.136 | 013 . 237 
1 .341 | 1.074 | 1. 127 . 049 . 201 
2 .569 | =. 780 966 | . 100 . 150 
5 .495 | .261| .559 | 173 077 
10 | .295 | .077 | . 304 | . 209 041 
20 .154 | .020] . 156 . 229 . 021 
50 . 063 003 | 063 | . 242 - 008 
100 =| = .031 . 001 031 | . 246 . 004 














period. The daily minimum and maximum 
temperatures at the bottom of the 12-inch 
base were obtained. Because of the limited 
amount of data, only about two-thirds of 
each daily cycle, it was necessary to use the 
16 range of the daily temperature cycle 
(maximum—minimum)/2 and similarly the 
46 range of daily barometric pressure cycle 
to develop data for correlation purposes. 

The calculated 4% range in pressure is, as 
before, the sum of the barometer and tempera- 
ture effect. It approximates the 4 range in 
manometer readings when they were deter- 
mined (the manometer often failed to read 
the negative minimum pressure). 

The temperature and barometer trends in 
terms of inches of water pressure are shown in 
table 4 and are reflected in the calculated ef- 
fective temperature and barometer readings 
shown in figure 11. Adding the trend effects 
to the 4% range gives the calculated maximum 
pressures which are compared with the maxi- 
mum manometer readings in figure 11. A good 
correlation is seen except for the period after 
rains. 

The calculated values are for constant 
water content, so that any increase in water 
content due to infiltration of rainwater will 
temporarily make the measured pressures 
higher than those calculated. Thus, when the 
water depth in the 4-inch diameter hole rises 
(despite a fall in temperature) as on August 31 
and September 20-22 due to the previous rain, 
the manometer readings are above the cal- 
culated pressures. This is especially notice- 
able for the last week where 3 or 4 days are 
required for the effects of infiltration to 
dissipate. 

If the base course did not maintain almost a 
constant degree of saturation from top to 
bottom by capillarity, the volume change 
required to raise the water table would relieve 
much of the pressure. Figure 12 shows the 
moisture content after one day of drainage of 
a column of the passing No. 10 sieve fraction 
of the base course material, compacted to the 
equivalent density that the fraction passing 
the No. 10 sieve had in the compacted base 
course. 

It is apparent from the data shown in figure 
12 that the percentage of capillary water 
retained in the minus No. 10 sieve material 
in the quite uniform (12.8 
to 12.0 percent) for the 11-inch height above 
the free water table, measured for the 1-day 
drainage condition. 


base course is 
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Effect of Pore Pressure on Theoretical 
Bearing Capacity 


The effect of pore pressure on the theoretical 
static bearing capacity q of a base course 
may be calculated for various conditions from 
the formula and factors shown in figure 13 
(9). A 9,000-pound wheel load on dual tires 
is assumed to produce a circular loaded area 
under the pavement surface with a radius a’ 
of 5 inches and a pressure p’ of 57 p. s. i. 
Assumed values for the components of the 
pavement are surface thickness z=3 inches, 
density of the base w’ and surface w=140 
pounds per cubic foot (0.081 lb. per cu. in.), 
and a coefficient of friction f=1.0 for a well- 
compacted base course. 

Before applying the surface, z, a non- 
cohesive base course material would have a 
bearing capacity of g=0+0+0.081 x 5x 192= 
78 p. s. i. This provides very little margin 
of strength and makes such a material difficult 
to keep in place during construction. A damp 
stone or gravel base graded down to fine sand 
could develop a cohesion of 1 p. s. i. (2.3 feet 
of water) due to the surface tension of water. 
This would increase the bearing capacity to 
q=1 x 224478=302 p. s. i., which greatly 
increases its resistance to construction displace- 
ment. More cohesion could be obtained with 
the addition of a small amount of clay, but a 
slight excess would greatly reduce the friction 
and thereby decrease the bearing capacity 
when wet. 

After surfacing, the moisture in the base 
course is apt to increase and thereby reduce 
the cohesion. With the water table at the 
bottom of a 12-inch base, the cohesion caused 
by surface tension would average 0.22 p. s. i. 
(6 inches of water). The bearing capacity 
would be q=0.22 x 224+-0.081 x 3 x 172+78 
169 p. s. i., which is adequate to carry the 
imposed 9,000-pound wheel load. If a rise in 


Table 3.—Calculation of pressure at bottom 
of 12-inch base course 





Date, |Hour, Manom- | Temper- |Barom-| Caleu- 
1954 je.s.t.| eter | ature | eter lated 
| reading | reading jreading) pressure! 
| | | ar 
} Inches 
| | Inches of mer-| Inches 
of water F. cury | of water 
Aug, 25 7 | -0.3 | 88.5 30.02 | ?—0.3 
9 | aa 87.7 30. 02 —2.1 
| ll | 2.3 87.4 30. 00 2.5 
| 13 8.9 88.8 29. 97 1.1 
| 15 13.3 90. 2 29. 93 1.8 
| 17 13. 1 92.0 29. 89 9.5 
| 19 | 12.7 92.9 29. 89 11.6 
21 | 9.3 93.8 29. 91 13.4 
| 23 8.2 92.9 | 29.89 11.6 
| 
Aug.26/ 1 | 61 | 92.2 29.87 | 10.2 
3 4.4 91.1 9 S86 7.9 
5 2.9 90.8 29. 87 7.0 
| 7 1.4 89.9, 29. 87 4.9 
| 9 9 89.7 29. 92 3.9 
11 2.4 89.4 | 20.92 3.2 
13 6.2 89.9 | 29.92 4.3 
15 12.7 91.1 29. 90 7.3 
7 i M8 92. 6 29. 91 10. 6 
19 | #115 93.5 29, 92 12. 6 
im | «as 93. 8 29.96 | 12.7 
| 2 | 5.2 93, 2 29. 99 10.9 
Aug. 27 | 1 | 2.9 92. 6 30. 03 9.0 
| 3 | 11 | 91.4 30. 03 6.3 
| & | — 8 | 90.5 30. 04 4.0 
i; 7 | —28 | 88.7 30. 07 1.8 
|} 9 | —4.0 | 89.1 30. 10 0 
il —3.8 | 83 30.12 | —2.2 
13 —3.4 | 88. 5 30.13 —1.8 











! Calculated on the basis of temperature and barometric 
pressure with constant air-water composition, 
2? Assumed to be equal to manometer reading 
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temperature or leaks through the surface effective water table at the top of the pave- 


raised the water table to the top of the base, 
the would be lost; the effective 
density of the base w’ would ke reduced by 
the density of water and the bearing capacity 
would be reduced to g=0+ 42+ (0.081-0.036) 
x 5x 192=—85 p. s. i., which leaves only a small 
margin of bearing capacity. 

A temperature increase or other condition 


cohesion 


ment surface would further reduce the bearing 
capacity to gz=0-+ (0.081—0.036) x 2 x 172+ 
(0.081—0.036) x 5 x 192=66 p. s. i., which 
very little margin of safety. Now 
suppose a temperature increase or an artesian 
condition raises the pore pressure to give an 
effective water table 6.7 inches above the top 
of the base. This reduces the 


leaves 


surcharge 







































which raises the pore pressure to give an effect of pavement to zero or, stated another 
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Figure 9.—Temperatures and water levels in 12-inch base 
course for a 55-hour period. 
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Figure 10.—Measured and calculated pore pressures. 


way, the pavement is floating on a thin film 
of water between the base course and pave- 
ment. The bearing capacity of the base is 
thereby reduced to g=0+0-+ (0.081 —0.036) x 
5 x 192=48 p. s.i., which indicates inadequate 
bearing capacity. 

These calculations for static bearing capac- 
ity of a 12-inch granular noncohesive base 
course (see fig. 14) show reduction of bearing 
capacity from 169 p. s. i. to 66 p. s. i., when 
the effective water table rises from the bottom 
of the base course to the top of a 3-inch pave- 
ment surface. This change in effective water 
table (pore pressure) of 15 inches could be 
caused by an increase of the base course tem- 
perature of 6.5° F., as shown in previous cal- 
culations. 

The bearing capacities just calculated may 
be compared with that of an open-graded base 
which stays sufficiently drained so that no 
This 
type of base (for f=1 and c=0) would have 
a constant bearing capacity of qg=0(224)+ 
(0.081) (3) (172) + (0.081) (5) (192) = 120 p. s. i. 


cohesion or pore pressure is developed. 


Laboratory Tests Showing Effect of 
Variables 


The effect of pore pressure on the strength 
of granular materials can be demonstrated in 
the laboratory. For instance, CBR tests were 
run on compacted graded sand with respec- 
tively 100, 62, 39, 26, and 5 percent passing 
the number 4, 10, 20, 40, and 200 sieves. 
The results were as follows: 

Corrected CBR 


Surcharge, at 0.1-inch 

Water condition in pounds penetration 
es 10 63 
ibmenged._.......... 10 36 
ibmerged - ——- 5 18 
ibmerged - -- anne 0 4 


igure 15 shows the decrease in penetration 
resistance of wet compacted sand when rapidly 


heated. Less effect is observed in cohesive 
soils; thus, a clay soil at 120° F. had two- 
thirds the penetration resistance it had at 40° 


F., which is less than the difference in the vis- 
of water (10). At about 85-percent 
Saturation the air permeability increases rap- 
idly with less saturation, as shown in figure 16. 


COsil v 
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With 


load. 


other hand, an 


obtained for materials with very high perme- 
compaction by 


ability or for 


loading. 


increasing moisture 
optimum moisture for dynamic compaction 
is reached when the escape of air and water is 
greatly restricted during the application of 
Therefore, 
moistures for most soils and soil-aggregate 
mixtures, as shown in figure 17, is at approxi- 
mately 85 percent of saturation. 


the 


optimum 
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Figure 11.—Correlation of calculated pore pressure with 
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RS moisture contents. 


At a density of 94 pounds per cubic foot, 
the subgrade under the WASHO Road Test 
pavement (11) reached a critical condition 
when the moisture content rose to 23 percent. 
With a measured specific gravity of 2.55, this 
is a relative saturation of 85 percent. 

Samples of this soil were tested in the soils 
laboratory of the Bureau of Public Roads. 
Figure 18 shows the relation between moisture 
and density for the WASHO subgrade soil and 
the penetration (0.001 inch of a 2-inch diam- 
eter piston loaded with 83 pounds and with 
5,000-load applications) obtained for various 
A study of these 
data indicates that samples compacted to less 
than 85-percent saturation had lower values 
of penetration than those compacted to more 
saturation 


at equivalent 


Since penetration is a 


measure of strength, it is obvious that the 
bearing capacity of this soil is critical at or 
near 85 percent of saturation for dynamically 


compacted soils. 


content, the 


The 


: bearing capacity. 
optimum 6 I ‘ 


On this soil. 


moisture is 


the 
not 


long-time 


However, it should be noted 
that soils statically compacted at the same 
moisture and density (see fig. 18) have much 
less penetration, and therefore have greater 
difference in 
two methods of compaction is largely due to 
shearing during the dynamic compaction of 


these 


In addition to the adverse pore pressure 
developed with the increased percentage of 
saturation during loading, other related factors 


must be considered: (1) the effect of increased 
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Table 4.—Pressures and temperatures for 4 weeks at bottom of 12-inch base course 












































| | | 
Barometer reading | Temperature | Manometer reading | | 
reading | Calcu- 
eee Se Ses | Caleu- |___ -_ Temper- | Barom-| lated 
Date lated | | ature eter maxi- 
Mean, 8) Differ- Mean, pressure, | } trend trend | mum 
to 18 ence | maxi- | 4range| 4range | “range | Maxi- pressure 
hours ati8 jmumand, x23 | mum 
| hours |minimum | | | 
} | | | | | | 
Inches of | Inches of | Inches of | Inches of | Inches of | Inches of | Inches of | Inches of | Inches of 
Aug. 1954: mercury | water | °F, water water | water water water | water | water 
a 29. eS 88.6 5. 6.2 | (‘) 7.4 0 | 0 6.2 
31_- -| 29. 79 —1.0 86.7 | 4.3 3.3 | 5.2 7.5 —2.5 0.5 | 1.3 
Sept. 1954: } | | 
Be --| 30.07 | 4 4 BS 1 8eé | 9.0 (‘) 7.6 —2.8 | -—1.8 4.4 
2 30. 08 10 | 86.7 | 94 | 10.4 (1) 9.5 —.4 | -12 8.8 
nis _| 20.94 | -56 | 880 | 85 | 9.0 (?) 12.1 | 1.6 | 3 10.9 
| } 
4 | 29.98 ae 93. 5 eo | 8.2 | 8.6 | 13.5 3.8 | —.2 11.8 
é.. | 30.01 | -1 | 923 41 | 42 | 67 | 69 | .6 —.3 4.5 
9. 30.06 | -4 | 9.3 2.6 3.0 4.0 | 1.8 | —2.6 | —.6 —.2 
10 | 29.90 1.1 88. 4 23 | 34 GQ | 6 | —4.2 | 9 . 
13_- | 30. 24 1.2 3.3 | 84 | 96 | Q) | 41 | -48 | -15 | 3.3 
14__ | 30.14 56 | &1 8.3 8.8 | (') } 43 | —-15 | —.3 | 7.0 
15 | 30.17 5 | 8.2 | 25 | 30 | (1) - | <= —.2 | 24 
16 -| 30.08 ‘3 | #45 | 81 | 89 63 | Wl | 5 | 6 | 10.0 
17 - 30. 06 of | 86.0 | 7.1 | 7.8 | 8.3 11.9 2.4 .6 | 10.8 
| 29. 73 —.1 | 81.7 Ss a 1.5 5.2 | 11.8 | —3.3 | By —.1 
21 . 29. 63 1.4 79.1 2.8 | 4.2 | 5.0 | 9.6 | —5.4 | | a) 
iid baes 29. 93 -—.3 | 77.8 | 7.4 | : BS a 12.5 —4.7 | -1.3 | 1.43 
23... 30. 19 3 77.9 won | 7.4 | 7.3 8.3 | —2.4 | —2.9 2.1 
/ 30. 26 1.1 ry A 9.8 | 10.9 | ()) 6.5 —1.4 | —2.4 yA 
1 Manometer failed to read minimum pressure. 
percentages of granular material, (2) the was changed from rounded to crushed parti- 


increased coefficient of friction resulting from 
increase in angularity of the granular compo- 
nents of the soil, (3) the effect of density, and 
(4) the effect of varying the amounts of soil 
fines (passing No. 200 sieve) in granular 
. materials. 

Triaxial strength test data reported for 
pervious granular materials (12) show that 
the total strength of these materials increases 
up to 20 percent when the percentage of 
coarse aggregate above the No. 4 sieve is 
increased from zero to 50 percent. Also 
when the angularity of the coarse material 
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Figure 12.—Capillary water retention 24 
hours after compaction. 
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cles, there was an additional 10-percent 
increase in the coefficient of friction. However, 
the largest variable affecting the strength 
obtained was the density at which the speci- 
mens were tested. The average coefficients 
of friction obtained by the triaxial compression 
test for materials of various gradations were 
0.76, 0.85, and 0.98 for relative densities of 
0.50, 0.70, and 0.90, respectively. 

Another investigator (13) reported similar 
advantage of densification of well-graded 
materials containing 10 percent passing the 
No. 200 sieve. With 6-percent water and 
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Figure 13.—Bearing capacity under a 


circular loaded area. 


lateral pressures up to 30 p. s. i., the triaxial 
tests indicated relative strengths of 0.58, 0.85, 
and 1.00 for dry densities of 126, 136, and 141 
pounds per cubic foot, respectively. 

The following data taken from an unpub- 
lished portion of a report (14) show the effect 
of decreasing the percentage of material 
passing the No. 200 sieve on compressive 
strength (lateral pressure equals 20 p. s. i.) 
and stress-strain modulus, as measured by 
the triaxial compressive strength test: 


Percentage Stress-strain 
passing No. Compressive modulus, kips/sq. 
200 sieve strength, p. 8. i. in. 
15 190 5 
8 210 8 
0 210 ll 


A study of these data indicates that there 
is a considerable increase in the stress-strain 
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Figure 14.—Effect of pore pressure on calculated bearing 
capacity of a 12-inch base course (W=w’=140 lb./cu. ft., 


f=1.0, a’=5 inches). 
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16 ] | ] modulus with a decrease in the percentage of 
| | soil passing the No. 200 sieve. 
—_ | A third investigator (15) reported that a 
‘i | | maximum density of a soil-gravel mixture was 
oe obtained with 10 percent passing the No. 200 
| sieve and a maximum CBR when 7 percent 
o | was used. 
a 
= 12 | aan 
2 | ve v . . V7 
° Field Conditions Where Pore Pressure 
Is a Factor 
ra | 
o «IO Critical pore pressures which affect the bear- 
o ing capacity of a subgrade or base course can 
iO . ° 
~ke be controlled by changing the gradation and 
< drainage so that the material, when com- 
: 3 —— pacted, has void spaces which are less than 
< 80-percent saturated. 
- During construction, developed pore pres- 
o sures may cause shearing which reduces the 
WwW 6 + — . ° 
rng strength of soils in spite of the precautions 
a ; me 
z taken during normal compaction. This effect 
= may be minimized by compacting the soil at 
a 4 | ° ° 
ial > ~~. FINE SAND AT OPTIMUM moisture contents slightly below standard 
é r Oy . 
- Ww MOISTURE AND MAXIMUM| AASHO optimum for low volume change 
« r | ° : 
‘1 wW DENSITY ) | + soils, and by using larger roller contact areas 
a | ° ~ 
to lower unit pressures. For earth dams, 
b 2 } compaction 2 percent less than optimum is 
- | | specified to minimize critical pore pressures 
ial in the structure. However, too low an ini- 
oi | tial moisture content in clay soils will usually 
i) 2 cause swelling when the water cor 
é aus g : i itent 
i.) 60 70 80 90 i0oo0_—Cl, 
nie ‘eilimemiiiiads al increases. 
-°? . . . . 
: saab A well-drained condition requires a means 
Figure 15.—Temperature related to pene- of egress of water greater than the potential 
tration resistance. infiltration from the edges and through the 
surface. Excess water in a base may be re- 
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Figure 17.—Optimum moisture related to 
saturation. 


moved downward by flow into a permeable 
subgrade with a deep water table or by lateral 
flow through a thick permeable base with 
sufficient outlets to reduce the required dis- 
tance of lateral flow. Dense-graded bases of 
usual dimensions generally have insufficient 
permeability for rapid lateral 
saturated. 


drainage if 


In nonfrost areas, dense-graded materials 
have sometimes even with poor 
drainage. This may be attributable to the 
tendency for a dense granular material to 
expand during shearing to overcome the 
interlocking obtained with compaction beyond 
the critical density. Thus, a 10° F. rise in 
temperature will cause a pressure of 23 inches 
of water, assuming 6 percent air at 32° F., 
but if the material expands 0.6 percent of its 
volume, the pressure is relieved. 


stood up 


This volume change is within the range of 
expansion of graded granular material com- 
pacted to 100 percent of standard compaction. 
Under dynamic loads, the effect of a standing 
water table may possibly be counteracted by 
this same expansion, if loads are not repeated 
at the same place, since high density with lim- 
ited permeability causes a temporary vacuum 
to be created by shear expansion. 

In regions where deep frost penetration 
occurs, thawing from the surface will usually 
prevent downward drainage of the base course 
for a period of time, Freezing and thawing of 
a very wet base course may adversely affect 
its stability, unless it has sufficient perme- 
ability when it thaws to allow water to escape 
from under a wheel load without lateral flow 
of the granular base. This requirement is 
demonstrated by materials which do not shove 
in the standard impact compaction test at 
moisture contents greater than the optimum 
moisture content (16). This criterion gener- 
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Figure 18.—Penetration related to moisture 
and density. 


ally limits the amount of fines to a maximum 
of 10 percent passing the No. 200 sieve, and 
this limit is used in several States. In North 
Carolina, extra-thick surfaces are required for 
bases with more than 10 percent passing the 
No. 200 sieve (17). Degradation during and 
after construction must be considered. 

If open-graded base courses are used as 
insulation against frost, care must be taken 
to prevent ventilation through the base which 
can nullify the insulating effect. Such venti- 
lation is the apparent reason for increased 
frost penetration into the subgrade with in- 
creased pavement thickness at the WASHO 
Road Test Project (11). The density of 





132 pounds per cubic foot with an average 
moisture content of 5 percent corresponds to 
a degree of saturation of 50 percent which 
indicates a high air permeability. 

Further research is required to develop more 


refined design criteria for base courses. This 
should include the thickness, width, and slope 
of base courses, the permeability, capillarity, 
strength and stress-strain relations of base 
course materials, as well as the ambient con- 
ditions of moisture and temperature. 
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A Rapid Method Utilizing Surface Area 
Measurements in Predicting the Amount 
of Cement Needed to Stabilize Plastic Soils 


BY THE DIVISION OF PHYSICAL RESEARCH 


BUREAU OF PUBLIC ROADS 


The relation between the cement require- 
ment of soil-cement mixtures and surface 
area determined by the glycerol retention 
method was investigated for a group of 
plastic soils. For soils containing less than 
45 percent silt, a strong correlation was 
found between surface area and the cement 
content at which a 10-percent loss occurred 
during 12 cycles of the freeze-thaw dur- 
ability test. 

A regression equation and procedure were 
developed for predicting the cement re- 
quirement from surface area. In a com- 
parison of predicted cement requirements 
with those derived from freeze-thaw test 
data, an average deviation of 0.6 percent 
cement was obtained. 


HE USE of soil cement for highway base 

courses has increased rapidly in recent 
years, especially in areas where local sources 
of granular deposits are nonexistent or rapidly 
being depleted. Present methods for deter- 
mining the amount of cement necessary to 
produce a stable material from a given soil 
involve the use of rather large soil samples 
and an extended testing program. The 
freeze-thaw or wet-dry durability tests (1)? 
in particular require considerable time and 
effort. A short-cut method developed by the 
Portland Cement Association (P. C. A.) pro- 
vides an easier alternate procedure for sandy 
soils, but extended testing is still required for 
plastic materials. The present article is 
concerned primarily with these plastic ma- 
terials, and with the development of a shorter, 
more economical test procedure for estimating 
their cement requirements. 

Despite a number of years of successful use 
of soil cement, little is known of the physical 
chemistry of the reactions between the soil 
and the cement. It has been noted that the 
more plastic soils generally require larger 
quantities of cement for effective stabiliza- 
tion. Although there does not seem to be 
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any consistent relation between cement 
requirement and plasticity index or, indeed, 
any of the familiar engineering tests, it was 
thought that perhaps such a relation might 
exist with the surface area of the soil. 

Some years ago, Catton (2), exploring this 
proposed relation by the use of surface area 
values computed from grain-size distribution 
curves, found an almost complete lack of cor- 
relation. However, an examination of Cat- 
ton’s data reveals that the largest values he 
computed for surface area were just over 2 
square meters per gram (m.2/g.), even for A-6 
and A-7 soils. Present knowledge indicates 
that actual surface areas are many times 
higher than this, often as high as several 
hundred m.2/g. Catton’s computed values of 
surface area could not therefore be expected 
to provide any real correlation. 

The method widely considered as standard 
for realistically determining the surface ares 
of fine-grained materials is known as the 
Brunauer-Emmett-Teller (B. E. T.) Method, 
and involves the adsorption of nitrogen or 
some other gas on the surface of the material 
at low temperatures. The complicated appa- 
ratus and time-consuming procedures required, 
however, are not suitable for general routine 
determinations. Further, the method is not 
particularly applicable to soils since the non- 
polar gases normally used do not measure the 
internal surfaces of expanding clay minerals 
which are present in many soils. The crystals 
of the clay minerals are formed in sheetlike 
layers; in an expanding mineral the flat sur- 
faces of the inner layers constitute the internal 
surface. 

Lately, a method (3) involving the retention 
of ethylene glycol by soils has also been used 
to estimate surface area, but there is some 
doubt as to the specific quantitative relation 
between the actual surface area and the 
amount of ethylene glycol retained under the 
conditions of the determination. More re- 
cently, a new and simpler method (4, 4) in- 
volving the retention of glycerol has been 
developed at the laboratories of the Bureau of 
Public Roads. 


Values of surface area obtained for various 
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clays by this method agree closely with theo- 
retical values of expanding clays and, for non- 
expanding clays, with those determined by 
the B. E. T. Method. In the present work, 
surface areas were measured by this method 
on a number of soils of known cement require- 
ment. The correlation between the resulting 
surface area values and cement requirements 
was then determined. An equation was 
derived for predicting cement requirements 
from surface area values, and the predicted 
cement requirements were compared with the 
actual cement requirements as determined by 
test. 


Conclusions 


The following conclusions are drawn from 
this investigation: 

1. For soils of measurable plasticity, a 
definite correlation exists between surface 
area, as measured by the glycerol retention 
procedure, and cement requirement (percent 
by volume) calculated from loss data of the 
freeze-thaw durability test and amended by 
other engineering considerations. However, 
this correlation is not sufficiently close to per- 
mit adequate predictions to be made directly 
from the surface area values. The weakness of 
this correlation is considered to be due to such 
factors as: 

(a) The surface area expressed on a weight 
basis in contrast to the volume basis of the 
cement requirement. 

(b) The different standards of allowable 
losses in the freeze-thaw test, 7, 10, or 14 per- 
cent, depending on the AASHO classification 
of the sample. 

(c) The use of a certain amount of engi- 
neering judgment in deriving practical recom- 
mendations for field use from the freeze-thaw 
data. 

(d) The rounding of the cement requirement 
to the nearest one-half percent. 

(e) The presence of several soils high in silt 
content in the group of samples studied. Such 
soils have been shown to have cement require- 
ments which do not correlate with surface area. 

2. A very strong correlation is obtained 
when soils of higher than 45 percent silt are 
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excluded from consideration, and the cement 
factor in the correlation is taken as the actual 


10- 
percent loss occurs in the freeze-thaw test, no 
allowance being made for AASHO class differ- 
The regression y=0.087 

area) +3.79 can be employed to 
derive accurate predictions of this cement 
factor from measurements of surface area by 
the glycerol retention method. 

3. A suitable prediction of the conventional 
cement requirement, in percent by volume, can 
then be made by the following procedure: (a) 
modifying, if the cement factor 
predicted by the regression equation by adding 
2.0 percent cement to adjust to the basis of a 
7-percent allowable the freeze-thaw 
test, or by subtracting 0.7 percent to adjust 


cement content by weight at which : 


_ 


ences. equation 


(surface 


necessary, 


loss in 


to the basis of an allowable loss of 14 percent; 
and (b) converting the modified velue to a 
pereent by volume basis using the density of 
the soil-cement mixture. 

In a comparison of cement 
values obtained by test with values obtained 
by the use of this procedure, the averare devia- 
tion for the group of samples used in this study 


requirement 


was 0.6 percent cement by volume, and con- 


siderably less than this for the more highly 
plastic soils of the group. 

4. Admittedly, these results were obtained 
from a restricted number of samples and the 
procedure should be checked further with a 
wider and more representative selection of 
soils. Furthermore, use of the surface ares 
determination to predict cement requirements 
should be accompanied by 
strength or other tests on small specimens 
made at and the predicted cement 
requirement. 


compressive 


near 


Materials and Methods 
Soils 


Of the soils furnished for study,? only those 
with measurable plasticity indexes were in- 
cluded in this analysis. The soils of the first 
group received (group A) are described in 
table 1. They were not selected as repre- 
sentative of any particular soil area or type of 


3 Soil samples and accompanying test data were supplied 
by the Portland Cement Association. Messrs. J. A. Leada- 
brand and L. T. Norling of the Soil Cement Bureau were 
particularly helpful to the authors in conducting the present 
study. 


Table 1.—Description of soils 


soil, but were simply those on hand at the 
P. C. A. laboratory at the time this study was 
initiated. They do, however, include samples 
from a number of different States and of 
various soil horizons. The last 10 soils listed 
in table 1 (group B) were received as a second 
group and represent samples processed by the 
P. C. A. laboratory during the period in which 
this study was being made. 


Surface area measurements 


In the glycerol retention method, advan- 
tage is taken of the ability of clay and other 
soil constituents to adsorb glycerol molecules 
on their surfaces. Conditions are maintained 
under which only a single layer of the glycerol 
molecules is adsorbed and retained. The 
amount of glycerol adsorbed is measured by 
weighing the sample before and after treat- 
ment, and the weight of the adsorbed glycerol] 
can be related to the surface of the 
sample. 

As applied to this study, the method in- 
volves the following steps: 

(1) Dry duplicate small samples (about 1 
gram each) of the passing 40-mesh fraction of 
the soil at 110° C. in aluminum foil dishes, and 


area 























Identification 

ca | 

soil soil State County Soil series 

No. No. | 
$-32044 | 7538 | Alabama Madison-_- 
S-32045 | 7494 .-.00.. Montgomery 
S-32046 7537 | do | | a a P 
S-32047 7509 | Arkansas Ashley .---| Richland 
$-32050 | 7489 | _ rae _do_. Portland 
S-32051 7490 |_. do do _do 
S-32053 do... Nevada Ruston._- 
S-82055 | do do ; do 
S-32056 do... White 
S$-32060 | 7375 | Idaho___....| Idaho 
S-32061 7497 | Illinois _.| Cook 
S-32002 7408 ao... _do 
S-32063 | 7-h | do _.do 
S-32064 | 7460 do s Henry 
S-32065 | 7558 n.. Iroquois.. Hagener 
S-32066 | 7528 do___..--| Massac.- : 
S-32067 | 7529 do as do 
S-32068 | 7530 do-. ae * 
S- 7500 Ss — 
Ss T5461 do 7 — 
S-! | 7562 |.. do__. do 
S- |} 7563 |_. _do do = 
Ss S-7 do.......| MeHenry-.- 
s | 6900 | Kansas_..- Grant 
S8-32076 Kentucky Carter -- 
S-32078 Indiana Vanderburgh 
S-32082 | Missouri....| Jackson-- 
S-32083 a as 

S-32085 Oklahoma Okmulgee _-- 

8 7682 | Colorado__..| Fremont 

Ss 7687 | Illinois Will aaees 
8 7695 | Louisiana Livingston. EOP RS Re 
s 7701 | Tennessee Franklin 

s 7702 ..do do 

S-32578 Montana Silver Bow._. 

S-32579 Michigan Calhoun 

S-32582 Kansas Douglas 

S-32583 GO. «es do__. 

S-32584 7779 | Texas.......| Wichita_- 


Physical properties ! 


Gradation: percentage finer than— 











Soil 4- 10- | 40 200- | 0.05 | 0.005 | 0.002 
horizon |mesh|mesh|mesh|mesh| mm. | mm. | mm. 
sieve | sieve | sieve | sieve | 
i | 
| 
Group A SOILS 
| | 
— a 100 | &5 61 | 24 21 6 5 
B 100 | 100 | 98 70 48 29 28 
B 100 | 100 | 94 | 43 | 38 29 27 
A, B, C | 100 100 98 | 96 | 92 27 20 
100 | 99 | 95 | 92 1-8 | 
B 100 100 97 | 94 90 23 18 
Cc 100 100 70 | 30 mi 2 
A. B,C 100 ay ay 38 32 22 ] 
a 100 | 99 | 97 76 56 | «(19 12 
- | SB | 23 oi 8 ys } 2 2 
55 | 47 | 35 | 19 | 15 | 5 
100 | 99 | 97 91 88 42 28 
100 | 100 | 97 s0 | 87 Ae 
, > = 46 | 28 | 16 | 16 | 8 | 6 
a5 i & i 33 | 22 | 9 3 
80 | 7 | 67 | 5 | 49 | 10 | 7 
n 2 ot 2 66 | 60 58 | 16 | 13 
; | 75 | 63 | 50 | 35 | 32 | 9 | 8 
| | 
: | 55 | 48 | 41 | 36 | 3 lu 8 
; 4 | 76 | 73 | 39 | 23 | $} § 
a 80 | 71 | 66 56 | 51 15 12 
55 47 | 34 | 12 } ll s 8 
B,C 100 | 99 99 | 92 | 79 13 : 
‘ 100 | 97 | 94 77 69 25 19 
: 59 56 52 | 24 13 4 3 
™ 100 100 O4 27 26 15 12 
Cc 100 100 100 94 79 17 14 
beak 100 100 100 94 | 80 15 13 
A 92 86 85 36 | 25 15 10 
Group B Sorts 
roe we oe se oe ee ae ee 
B 100 100 99 97 93 45 37 
vnkawet 100 | 99 Q8 94 86 | a ae 
B 100 | 99 &8 63 | «48 32 26 
98 | 9 | 83 40 36 21 | 17 
= ; 96 83 46 22 20 10 9 
A,B 02 87 75 37 31 13 9 
es 100 100 100 97 85 16 14 
100 100 100 as 86 16 14 
= ‘ a 55 39 25 16 13 5 5 


~ |Liquid! Plas- 
limit 














| Opti- | Maxi- | Surface 
mum | mum (Cement) area of 
AASHO mois- | density require-| whole 
ticity classi- | ture of | of soil-| ment, | _ soil 
index! fication | soil- | cement! P.C.A. 
cement |mixture 
mixture 
l 
| Percent 
| Lb. by | 
Percent, cu.ft. volume| m.2/q. 
17 4 A-2-4 (0) 11.4 115.5 7.0 | 12.5 
35 11 A-6 (7) 17.7 104.0 13.5 | 90 
34 12 A-6 (2) 17.9 108.0 | 10.5 | 49.5 
32 11 A-6 (9) | 16.2 | 105. 5 | 9.5 | 63 
27 6 | A-4 (8) | 17.3 103.5 | 174 | 59 
30 ] A-4 (8) 18.2 | 104. 7 11.0 79 
} 
39 17 | A-2-6 (1) 15.0 | 109.0 7.5 | 48 
20 6 A-2-4 (0) 12.7 119.0 7.0 | 37.5 
22 5 A-4 (8 12.3 112.6} 11.0 36 
26 5 | A-l-a (0) | 10.0 | 134.7 9.0 | 14 
25 6 | A-1-b (0) 8.0 | 125.3 7.0 | 12 
41 16 A-7-6 (11) 23.4 | 96.7 14.5 | 81 
41 24 A-7-6 (14) | 17.5 194.5 13.0 | 77.5 
26 6 A-1-b (0) 9.4 | 130.3 20 1 2S 
18 7 A-2-4 (0) 10.2 | 121.0 7.8 } 25. 5 
22 1 | A-4 (4) | 11.3 117.6] 85 | 26 
26 6 A-4 (5) 13.3 115.8 10.5 40.5 
19 = | A-2-4 (0) 11.0 120.8 9.0 | 28.5 
30 9 A-4 (0) 11,2 119.5 7.0 22.5 
20 3 A-4 (1) 11.7 | 118.6 7.0 19.5 
26 5 A-4 (4) 13.0 | 117.4) 9<£5 | 37.5 
28 15 | A-2-6(0) | 9.4 126.8} 7.0 14 
26 7 A-4 (8) 15.0 113.0 | 9.0 | 42.5 
29 9 | A-4 (8) | 16.5 106.7 | 10.5 | 87.5 
19 3 A-2-4 (0) 7.8 130. 2 6.5 6 
20 4 A-2-4 (0) 12.2 120. 0 7.5 20 
27 5 | A-4 (8) 15.5 108. 7 9.0 82 
28 6 A-4 (8) 15.7 108. 0 9.5 | 85.5 
2i : A-4 (0) 12.0 117.6 7.0 32. 5 
| | 
2 | 9 | A240) | 11.8 | 1242) 110 | 14.5 
47 25 | A-7-6 (15) 22.0 | 100.3) 15.0 | 143 
26 A-4 (8) 2.7 104. 4 15. 5 33 
32 15 | A-G (6) | 16.9 | 109.4] 10.0 36 
25 10 A-4 (1) 13.7 | 113. 5 7.0 34 
30 9 | A-2-4(0) | 118 | 119.5 7.5 34 
23 8 | A-4 (0) | 7.9 | 115.9] 10.0 37 
29 5 A-4 (8) | 21.0 97.0 12.0 78 
29 6 A-4 (8) ; 18.5 102. 2 12.0 73. 5 
25 i] A-2-4 (0) 8.4 129. 0 7.0 18 
| 








! Data furnished by the Portland Cement Association. 
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weigh to 0.0002 gram on an analytical balance. 

(2) Add 10 ml. of a dilute (2 percent) water 
solution of glycerol to the sample, and swirl 
the container gently to mix the contents. 

(3) Heat at 110° C. (+3°) in a mechanical- 
convection oven containing a supply of gly- 
cerol to provide a source of free glycerol vapor 
in the oven chamber. Under these conditions, 
glycerol in excess of a monomolecular layer 
and water are both removed. 

(4) Reweigh after equilibrium has been 
attained, normally after overnight heating. 
The gain in weight over the original oven-dry 
weight of the sample is due to the mono- 
molecular layer of glycerol adsorbed on both 
the internal and external surfaces. The ad- 
sorbed glycerol is expressed as a percentage 
of the 110° C. dry weight of the soil. 

(5) A distinction must be made between 
that portion of the glycerol retained on ex- 
ternal surfaces of all clay minerals and that 
retained on internal surfaces of expanding 
minerals such as montmorillonite and vermic- 
ulite. On the internal surfaces both the top 
and bottom of the monomolecular layer of 
glycerol are in contact with clay surfaces. 
On the outside of the particles, however, 
only one side of the monomolecular layer is in 
contact with the clay surface. Therefore, a 
given amount of glycerol on internal surfaces 
accounts for the twice as much clay surface 
area as the same amount would if it were on 
external surfaces. 

To make this distinction, a second deter- 
mination is required. This is accomplished 
by determining the percentage of glycerol re- 
tained by replicate samples previously heated 
to 600° C., the glycerol retention being de- 
termined by the same procedure previously 
described. Heating to 600° C. normally 
collapses and irreversibly closes the internal 
spaces and thus renders them inaccessible to 
glycerol molecules. The difference between 
the original percentage of glycerol retained 
and that retained after heating to 600° C. is 
attributable to internal surfaces; the percent- 
age measured after this preliminary heating 
is due to external surfaces only. 

Based on X-ray diffraction evidence con- 
cerning the thickness of a monomolecular layer 
of glycerol, it has been shown (5) that one- 
hundredth of a gram of glycerol covers 35.3 
square meters of internal clay surfaces; thus a 
glycerol retention of 1 percent on internal sur- 
faeces corresponds to 35.3 m.2/g. Similar de- 
ductions indicate that a retention of 1 percent 
of glveerol on external surfaces corresponds 
to a specifie surface of 17.65 m.?/g. 

For the soils used in this study, the surface 
area value of the whole soil was computed by 
multiplying the surface area found for the 
passing 40-mesh fraction by the percentage of 
the whole soil which passes the 40-mesh sieve. 
The surface area of the particles coarser than 
40 mesh is so small as to be negligible. A 
hypothetical example of these computations 


follo. Ss! 


Percent 
Glycerol retention of passing 40-mesh 
fraction______ Ma = Ie ia oes ea 
Glycerol retention of same after pre- 
liminary 600° C. heating____---_--- 1. 50 
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Percent 


Retention due to external surface_ 1. 50 
Retention due to internal surface 
(3.50— 1.50) __ ' 2. 00 


The indicated surface area of the passing 
40-mesh fraction was computed as follows: 


External surface__ 1.50 x 17.65 
Internal surface__ 2.00 x 35.3=70.6 m.?/g. 


jo i 5 eee ee eee 97.1 m.?/g. 


The percentage of the whole soil passing the 
40-mesh sieve was 65 percent. Thus, the 
surface area of the whole soil would be 97.1 
m.2/g. x 0.65=63.1 m.2/g. For this study the 
figure 63.1 would be rounded to the nearest 
one-half square meter per gram, or 63 m.?/g. 
Cement requirements 

The cement requirement determinations 
were performed by the staff of the P. C. A. Soil 
Cement Laboratory, using the method des- 
cribed in their Soil Cement Laboratory Hand- 
book, 1956. Briefly, this method is as follows: 

(1) Determine the grain-size distribution 
and Atterberg limits of the soil. 

(2) Determine the moisture-density rela- 
tions of a mixture of the soil and an assumed 
percentage of cement. 

(3) Mold durability test specimens at 
optimum moisture and at cement contents 
thought to bracket the cement requirement, 
and test through 12 cycles of freezing and 
thawing. (Wet-dry tests may also be made, 
but they were not used for the soils of this in- 
vestigation.) For A-1, A-2-4, and A-2-5 
soils, the cement requirement is specified by 
the P. C. A. as that cement content at which 
test specimens lose 14 percent of their weight 
during the 12 cycles and the accompanying 
brushing procedure. For A—2—6, A-2-7, A-4, 
and A-5 soils, the loss permitted is 10 percent; 
for A-6 and A-7 soils, it is 7 percent. These 
loss criteria are based on information from a 
great many laboratory tests, the performance 
of field projects, and outdoor exposure of 
several thousand specimens. 

(4) Check the estimated cement factor by 
molding and testing small specimens for com- 
pressive strength to insure that adequate 
hardening takes place at this cement content. 

(5) For reporting and for field use, the 
cement factor is converted from a weight 
basis to a volume basis by the use of the follow- 
ing relation: 


D- 2 


Percent cement by volume = 04 < 100 
Where: 

D=Oven-dry density of the soil-cement 
specimen in lb. per cu. ft. 

C=100 plus the percent cement by 
weight of the oven-dry soil, the 
quantity divided by 100. 

(6) The final reeommended cement content 
is based to some extent on the judgment of the 
testing engineer. For example, the cement 
content indicated by the durability test data 
might be in a critical range; that is, where a 
small decrease in cement content would lead 
to very much higher than allowable freeze- 
thaw losses. In such a case, inadequate mix- 


ing on the job could result in an unsatisfactory 
product, and to insure against this, the testing 
engineer would recommend a slightly higher 
overall cement content than that provided for 
by the durability test data. 


Results and Discussion 


Surface area values and cement requirements 
for the group A samples (Nos. S-32044 to 
S-32085) are listed in table 1. The surface 
areas range from 6 to 90 m.2/g. The cement 
requirement values quoted (in terms of percent 
by volume) are those actually recommended 
for construction by the P. C. A. laboratory. 
Analysis shows that a statistically significant 
correlation 4 exists, r=0.77, significant at the 
0.1 pereent level. The following regression 
equation was derived from the data: Cement 
requirement =0.06 (surface area) +6.5. The 
standard error of estimate from this equation 
is 1.37 percent cement by volume. A plot of 
the relation is given in figure 1. 

The statistical significance level of the 
correlation coefficient (0.1 percent) clearly 
indicates that a correlation actually exists. 
Nevertheless, the degree of correlation in- 
dicated by the correlation coefficient (0.77) is 
not strong enough to permit accurate predic- 
tions of cement requirement directly from 
surface area measurements. 

Assuming the validity of the hypothesis 
that the surface area should be intimately 
associated with the cement need, the following 
possible reasons for not obtaining the expected 
closer correlation could be deduced: 

(1) The surface area values used are based 
on the weight of the soil, surface area being 
expressed in square meters per gram, whereas 
the cement requirements are expressed on a 
volume basis. This naturally would weaken 
the correlation because there can be no overall 
relation between values expressed by weight 
and those expressed by volume, due to the 
variation in the densities of the different soil- 
cement products. 

(2) As noted earlier, the cement require- 
ment determined by the P. C. A. laboratory 
is based on the cement content at which maxi- 
mum losses of 7, 10, or 14 percent occur during 
the 12-cycle freeze-thaw test; the limit apply- 
ing depends on the AASHO classification of the 
soil. Two soils containing different clay 
minerals might have identical surface areas, 
but have greatly different grain-size distri- 
butions and plasticity indexes, thereby falling 
into different classifications. Accordingly, the 
cement requirement of one soil might be based 
on the 7-percent loss limit and that of the 
other on the 14-percent loss limit, despite 
their identical surface areas. In effect, this 
inserts a bias in the cement requirement values 
which is not correspondingly reflected in the 
surface area, and so tends to weaken the 
correlation. 

(3) The cement requirements recommended 
are not derived solely from freeze-thaw loss 
data, but, as noted earlier, may be modified 
somewhat by engineering judgment. This 
added factor, while perfectly justified from a 
practical standpoint, is not related to a phys- 


4 See appendix on page 69 for definitions of statistical terms. 
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Figure 1.—Cement requirement recommended by the Portland uniform basis of 10-percent loss; it eliminates 
Cement Association related to the surface area of group A personal judgment factors; and when the 
soils, cement contents are expressed to the nearest 
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CEMENT CONTENT OF SPECIMEN—PERCENT BY WEIGHT 


Figure 2.—Method of determining cement content at which a 
10-percent loss would occur in a 12-cycle freeze-thaw test. 
(In this illustration, the required value is 8.6 percent.) 


0.1 percent, it eliminates bias due to excessive 
rounding of the values. 

This expression of cement requirement was 
obtained by the procedure illustrated in 
figure 2. For the several freeze-thaw speci- 
mens prepared from the same soil at various 
cement contents, a plot was made relating the 
actual test loss to cement content, and the 
points were connected by straight lines. The 
cement content at which a 10-percent loss 
would occur was then read directly from this 
plot, by interpolation if necessary. The actual 
loss data and corresponding cement contents 
for all soils are given in table 2. 

The relation between this new cement 
factor and surface area was investigated, with 
results as shown in figure 3. The analysis 
showed a distinct and marked improvement 
in the degree of correlation existing, the cor- 
relation coefficient r being 0.94, which dem- 
onstrates both the validity of the original 
hypothesis that cement requirement and 
surface area are closely related, and also that 
the disturbing factors previously discussed 
have been largely avoided by this method 
of estimating the required cement content. 

The regression equation appropriate for 
predicting the cement content by weight at 
which a 10-percent loss occurs was calculated 
as Y==().076 (surface area) + 3.93. The stand- 
ard error of estimate from this equation is 
.74 percent cement. It should be noted 
that for several of the samples, the available 
freeze-thaw test data could not be used to 
obtain the test value of the cement content at 
Which a 10-percent loss would occur, except 
by questionable extrapolation; these samples 
have accordingly not been included in this 
correlation. In addition, three samples for 
Which data were available (Nos. S-32056, 
3-32062, and S-32082) did not fit the cor- 
relation. Since these were more than three 
Standard errors from the regression equation 
line, it is statistically valid to discard them 
from consideration on the grounds that they 
Presumably do not belong to the same sta- 
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tistical population as the remainder of the 
samples. These three samples will be dis- 
cussed later. 

A sufficiently close correlation has thus 
been established to permit prediction of the 
cement content at which a 10-percent loss 
occurs from surface area measurements. It 
now remains to develop a procedure to con- 
vert the cement content, so predicted for an 
individual soil, back to an estimated cement 
requirement based on the specific freeze-thaw 
loss allowable for soils of its class. For those 


soils where a maximum of 10-percent loss is 
allowed (A-—2-6, A-—2-7, A—4, and A-5 soils), 
no adjustment of the predicted value is of 
course necessary; for those soils (A—6, A-7) 
having @ maximum allowable loss of 7 per- 
cent, the predicted cement content would 
be increased; similarly for soils (A—1, A—2-4, 
A-2-5) where loss up to 14 percent is allowed, 
the predicted cement content would be de- 
creased. By examination of the loss data, 
the appropriate corrections were estimated 
to be +2.0 percent and —0.7 percent, re- 
spectively. The corrected cement contents 
by weight can then be converted to a pre- 
dicted cement requirement by volume through 
use of the formula previously listed. 

The procedure was followed to obtain pre- 
dicted cement requirements in percent by 
volume, which were then compared with the 
cement requirement (by volume) computed 
directly from the freeze-thaw test results. 
Agreement for group A samples (Nos. S-32044 
through S-32085) was only reasonably good. 
The coefficient of correlation between the 
predicted and the test cement requirements 
was r=0.87, and the standard error of esti- 
mate was 1.3 percent cement. 

Summarizing the results to this point, it 
has been shown that the following conditions 
prevailed: 

(1) A definite though not very precise 
correlation exists between surface area and 
the cement requirement (percent cement by 
volume) actually recommended by the P. C. A. 
for this first group of plastic soils. 

(2) The correiation was greatly improved 
by using, instead of the recommended cement 
requirement by volume, the cement content 
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Figure 3.—Cement content at which a 10-percent loss would occur 
in a 12-cycle freeze-thaw test related to the surface area of 


group A soils. 
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Figure 4.—Cement content at which a 10-percent loss would occur 
in a 12-cycle freeze-thaw test related to the surface area of soils 
having less than 45 percent silt. 


by weight at which an arbitrary figure of 
10-percent loss would occur in 12 cycles of the 
freeze-thaw test. The computed regression 
equation permitted satisfactory predictions of 
this value to be made from the surface area. 

(3) A procedure was developed for correct- 
ing this cement factor to predict the cement 
content (by weight) at which a 7- or 14-percent 
loss would occur, and by use of a given formula 
involving the density of the soil-cement 
product, this prediction could be converted 
to a volume basis. 

(4) Predictions thus made were in reason- 
able agreement with cement requirements 
derived directly from the freeze-thaw test 
data, the correlation between the two sets of 
values being 0.87. 

Another group of soils (sample Nos. 8-32572 
through S—32584), received after the work on 
the first group had been completed, provided 
an opportunity to check the validity of these 
results. These samples are described in table 1 
as group B, and cement requirement test 
data for them are listed in table 2. After the 
surface areas were determined for these soils, 
predictions of cement requirement (by vol- 
ume) were computed, using the regression 
equation derived for the soils of group A and 
the additional procedure just outlined. <A 
comparison of these predicted values with 
cement requirements computed directly from 
the freeze-thaw test data indicated good 
agreement for some of the samples but con- 
siderable deviations for others. 

Upon examination of the engineering test 
data for group B soils, it was noted that all 

ut one of the deviant samples were very 
igh in silt content, silt being taken as that 


portion passing the 200-mesh sieve and coarser 
than 0.005 mm. When the data for the sam- 
ples of group A were reexamined, it was found 
that here also high silt content was associated 
with relatively poor agreement between pre- 
dicted and test results. In particular, it was 
noted that the three soils which were discarded 
from the previous correlation were high in silt 
content. For such soils, the cement require- 
ment is evidently governed by some property 
or properties other than surface area. 


Influence of silt content 


In order to verify this premise, the data for 
both groups of soils taken together were di- 


content. Upon examination of the data, an 
appropriate dividing line appeared to be at a 
silt content of 45 percent. The correlation 
between surface area and the cement content 
(by weight) at which a 10-percent loss oc. 
curred in the freeze-thaw test was recomputed 
separately for each category. The category 
(22 samples) with silt content under 45 percent 
showed a high degree of correlation (r=0.{)4) 
similar to that previously determined for the 
first batch alone. 

One deviant sample (No. 32572) did not 
fit the correlation, and since it was consider- 
ably more than three standard errors from 
the regression equation line, it was discarded, 
This sample is discussed later. On the other 
hand, the category consisting of soils with silt 
contents of 45 percent or higher showed essen- 
tially zero correlation (r= —0.03). The data 
for the two categories of samples are plotted 
separately in figures 4 and 5. 
difference in correlation 


The striking 
coefficients demon- 
strates clearly that the two sets of samples 
represent different populations. For the soils 
of lower silt content, the cement requirement 
is essentially a function of surface area, as has 
previously been determined; but for soils of 
higher silt content, there is little relation be- 
tween the two. 

The regression equation was then caleuv- 
lated for the soils of low silt content. It differs 
only slightly from the corresponding equation 
previously calculated for group 
The new equation for cement content 
(by weight) at which a 10-percent loss occurs 
0.087 (surface area) + 3.79. The equa- 
tion and the previously described procedure 
were then used to predict the values of cement 
requirement for these soils. These predictions 
are compared in the upper part of table 3 with 
the cement requirements derived from the 
freeze-thaw test data. Agreement 
the two sets of values is good (correlation co- 
efficient r=0.92, standard error of estimate 

-0.9 percent cement), again with the excep- 
tion of sample No. S—32572 previously noted 
as being a deviant sample. Neglecting this 
sample, the average deviation between pre- 
dicted and test cement requirements was only 
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Figure 5.—Cement content at which a 10-percent loss would occur in a 12-cycle freeze-thav 
test related to the surface area of soils having 45 percent or more silt. 
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2} soils, 6 were classified in the highly plastic 
AASHO groups A-2-6, A-2-7, A-6, and A-7. 
For all six soils, predictions were within 0.2 
percent cement of the test value. 


Clay mineral examination 


The clay minerals present in the various 
samples were identified by X-ray diffraction 
techniques. The clay fractions were nearly 
all mixtures of two or more clay minerals, 
including among them montmorillonite, illite, 
kaolinite, chlorite, and vermiculite. Most 
contained at least a detectable amount of 
montmorillonite, and several were almost pure 
montmorillonite. None of the clays was 
principally illite or principally kaolinite, al- 
though several consisted largely of a chlorite- 
like clay mineral. From the evidence avail- 
able, it seems that, in general, the cement 
requirement is influenced by the surface area 
itself, without regard to the specific type of 
clay mineral from which the surface area is 
derived. 

No definite explanation has been found for 
the behavior of sample No. S-32572 (point X 
in figure 4), previously noted as a deviant 
sample. The actual cement requirement is 
much higher than the predicted value. X-ray 
diffraction examination indicated that this soil 
consists primarily of finely divided calcium 
carbonate (caliche), much of it in the clay 
size range. Further study is needed to deter- 
mine the effect of this type of material on the 
cement requirement. 

From the results obtained, a procedure for 
predicting cement requirements of plastic soils 
of less than 45 percent silt content was for- 
mulated. This is diagramed in figure 6. For 
soils to which it can be applied, the procedure 
eliminates the time-consuming freeze-thaw 
tests. It would still be necessary, however, 
to prepare small specimens at and near the 
predicted cement requirement, and test them 
for compressive strength (or by other suitable 
means) to insure that adequate hardening was 
actually taking place. Furthermore, the pre- 
dicted cement content should be modified by 
appropriate engineering judgment to compen- 
sate for factors such as difficulty of adequate 
mixing in the field and possible local variations 
in the soil materials. 

It is recognized that these findings are based 
on only a limited number of samples, and are 
not necessarily applicable to all soils. For 
example, other authors have reported that 
certain types of soil organic matter strongly 
influence the cement requirement. Although 
& number of the soils in this study were 
moderately high in organic matter, there was 
no evidence of appreciable effects on cement 
requirement. With a larger group of samples, 
soils containing such deleterious organic mat- 
ter might have been encountered. 


Appendix 


The statistical terms employed in this study 
are as follows: 
| Correlation coefficient (r).—A term which 
Indicates the degree of association or relation 
betwen the measured values of one property 
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Table 3.—Comparison of cement requirements predicted from surface area data with 
cement requirement from freeze-thaw test data 


























| Prediction Corrections | Corrected prediction of | Cement re- 
of cement for soils cement requirement | quirement | Deviation 
B. P. R. soil AASHO Surface | content at | where 7- or computed | (column 7 
No. classification area which 10- | 14-percent from test minus 
percent loss loss is Percent by | Percent by data column 8) 
occurs ! allowed weight volume 
CaTEGoRY 1: Piastic Soits WitH LESS THAN 45 PERCENT SILT CONTENT 
| | | | 
| Percent by | Percent by | Percent by | Percent by 
| m.2/g weight weight volume volume 
§-$2044._.._.- A-2-40) | 125 | 4.9 ii 7 4.2 4.9 5.7 —0. 
S-32045 _-_ A-6 (7) | 90 11.6 2.0 | 13.6 13.1 13.2 —.1 
S-32046___.__- | A-6 (2) | 49.5 8.1 +2.0 } 10.1 10.6 10.4 +.2 
S-32053_-_-_-- | A-2-6 (1) 48 8.0 : | 8.0 8.6 8.8 —.2 
8-32055_-...--} A-4 (8) | 37.5 ne —.7 6.4 7.6 5.4 +2.2 
§-32060---...-- | A-I1-b (0) ; 14 5.0 —.7 4.3 5.9 5.0 +.9 
S-32063__.-.-- | A-7-6 (14) | 77.5 10.5 +2. 12.5 12.4 12.6 —.2 
| 
S-32064___-_-- | A-Il-b(@ | 7 4.4 —.7 | + 5.0 4.8 +.2 
S-32065-- -- --- | A-2-4 (0) |} 25.5 6.0 —7 | 5.3 6.5 7.0 —.5 
S-32068 --.-- -- | A-2-4 (0) | 28.5 6.3 7 5.6 6.8 8.7 —1.9 
8-32070-..-.-- | A+ () | 19.5 | 5.5 | 5.5 6.6 6.8 —.2 
i . , ——— | A-4 (4) |} 37.5 | | } y 8.5 8.8 —.3 
8-32072_-..-.-- | A-2-6 (0) | 44 5.0 : 5.0 6.4 6.3 +.1 
S8-32076.-..-..-- | A-2-4 (0) 6 4.3 —.7 | 3.6 4.8 4.8 .0 
S-32078_____- | a24o | 2 | 4&5 a9 4.8 5.8 7.0 -1.2 
S-32085.-_--- | A-4 (0) } 32.5 6.6 6.6 ( & f 6.8 +.9 
8-32576......- A-6 (6) | 36 6.9 +2.0 | 8.9 9.5 9.5 .0 
§-32577.----- | A 4 (1) | 34 6.8 ai 6.8 7.7 6.8 +.9 
8-32578____- | A-2-4 (0) 34 6.8 —.7 | 6.1 7.3 7.2 +.1 
S-32579___--- A-4 (0) 37 | 7.0 | 7.0 8.1 10.1 —2.0 
S-32584__-_.. | A240) | 9 | 46 —7 | 39 5.1 5.5 —.4 
S-32572 2....- A-2-4 (0) | 14.5 5.1 —.7 4.4 5.6 10. 4 —4.8 
! | 
CATEGORY 2: PLAsTiIC SOILS WITH 45 PERCENT OR MORE SILT CONTENT 
| | | 
S8-32047-._..- | A-6 (9) | 63 9.3 +2.0 | 11.3 11.4 9.7 +1.7 
§-32051.__--- | A-4 (8) | 79 10.7 10.7 10.8 10.9 —-.1 
S-32056__- A-~4 (8) | 36 | 6.9 ; ; 6.9 | 7.7 10.5 —2.8 
S-32062_ A-7-6 (11) | 81 10.8 +2.0 12.8 | HZ 13.7 —2.0 
§-32075.....- | A-4 (8) |} 87.5 11.4 : i 11.4 | 11.6 10. 3 +1.3 
S-32082___-_- | A-4 (8) | 82 10.9 : | 10.9 11.4 8.1 +3.3 
S-32083 --_--.- | A-4 (8) | 85.5 | 11.2 | 11.2 11.6 9.5 +2.1 
S~32573...-..- | A-7-6 (15) | 143 | 16. 2 +2.0 | 18.2 16.2 13.9 +2.3 
8-32575.....- | A-4 (8) 33 | me oF cisecewen 6.7 | 15.0 —7.9 
S-32583_-- =. } A4@) | 735 | 102 | | 10.2 | 9.8 11.3 —1.5 














1 Determined by regression equation. 


2? Deviant sample discarded in computing the regression equation. 


and the corresponding measured values of 
another property, for a specified group of 
samples. This term varies from 1.0, indicat- 
ing that a perfect functional relation exists 
and that one property could be predicted with 
absolute accuracy from knowledge of the 
other, to zero, which indicates a complete 
lack of relation between the two properties. 
If the relation is direct, i. e., if one property 
increases with an increase in the other, the 
correlation coefficient is positive; if the re- 
lation is inverse (one property decreases with 
an increase in the other), the correlation co- 
efficient is negative. Generally, a correlation 
coefficient above 0.9 is required for the 
correlation to be good enough to permit pre- 
dictions of one value from the other with a 
reasonable degree of accuracy. 

Statistical significance level of correlation 
coefficient..—This is a measure of the proba- 
bility that so large a correlation coefficient 
as has been computed from the data could 
arise by pure chance sampling from a popu- 
lation in which there is in fact no correlation. 
A 0.1-percent or even a 1-percent significance 
level indicates that a correlation almost cer- 
tainly does exist. 

Regression equation.—lIf a linear correlation 
exists between two properties of a group of 
samples, and a plot is made of property Y 
versus property X for all samples of the group, 
an array of scattered points results. A straight 
line may be drawn through the scattered 


points in such a way that it best fits the data, 
using as the criterion of “best fit’? that the 
sum of the squares of the deviations of all of 
the points from the line is at a minimum. 
The equation of this line is called the regres- 
sion equation, and its use permits the best 
estimate of values of property Y to be made 
from measured values of property X. 

Standard error of estimate (Sy).—This is a 
measurement of deviation or degree of scatter 
of the points around the regression equation 
line. It has the same dimensions as the de- 
pendent variable, Y, and it provides an esti- 
mate of the uncertainty of the prediction of 
Y from X by means of the regression equation. 
If the normal distribution of errors holds, 
19 out of 20 samples should fall within 2 
standard errors of the regression equation 
line, and 997 out of 1,000 within 3 standard 
errors. 
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Lateral Placements of Trucks on Two-Lane 
Highways and Four-Lane Divided Highways 


BY THE DIVISION OF TRAFFIC OPERATIONS 
BUREAU OF PUBLIC ROADS 


This article describes the driving habits of commercial-vehicle operators with 
respect to encroachment on the left traffic lane and on the shoulders of two-lane 
highways and four-lane divided highways. Lateral placement data were ob- 
tained at 119 rural locations in 17 States for 135,000 vehicles of all types of which 
more than 20,000 were commercial vehicles. 

The positioning of vehicles in the traffic lane is particularly important to the 
highway engineer in designing the roadway to meet the requirements of the 


different classes of vehicles. 


Both portland cement concrete and bituminous pavements were included in 
the study. Some pavement sections had grass or gravel shoulders; others had 
bituminous-paved shoulders; and still others, a combination of bituminous 


materials and gravel. 


On two-lane highways with 12-foot traffic lanes and grass or gravel shoulders, 
only 0.8 percent of the trucks were encroaching on the shoulders, however, 2.3 
percent were encroaching on the left traffic lane. The widest range in vehicle 
placements was found on road sections with matching bituminous pavements 
and shoulders. On these sections, nearly 70 percent of all trucks were traveling 


partly on the shoulders. 


Studies made on level sections of four-lane divided highways indicated that 
placements in the right traffic lane were similar to those found on two-lane 
(two-directional) highways. On horizontal curves, drivers tended to travel 
closer to the center of the pavement on four-lane divided highways than was 


the case for two-lane highways. 


| ee Bureau of Public Roads has been con- 
ducting research studies for a number of 
years for the purpose of determining the 
effects of various highway geometric design 
features on driver behavior. The almost uni- 
versally accepted width of 12 feet for a traffic 
lane was based largely on the results of a 
comprehensive study of the effect of roadway 
width on vehicle operations.2. Although the 
results of this study were reported in 1945, 
the basic data were collected prior to World 
War IT. At that time there was a very 
limited mileage of roads with 12-foot lanes. 
Since then, nearly all newly constructed main 
highways have 12-foot traffic lanes. Phe- 
nomenal inereases in traffic volumes and par- 
ticularly in the sizes and weights of com- 
mercial vehicles have also taken place during 
this period. 

Results of recent road test studies? have 
highlighted the importance of the positioning 





' Data were recorded in the field by William D. Whitby 
and isernell A. Porter, engineering aids, Bureau of Public 
Roads, in cooperation with 17 State highway departments. 
Tat rand graphic materia] appearing in this issue were 
prepored under the direction of Robert E. Payne, statistical 


clerk, Bureau of Public Roads. 
t of roadway width on vehicle operation, by A Taragin. 
Puriic Roaps, vol. 24, No. 6, Oct.-Nov.-Dee. 1945. 

'Tod Test One—MD. Highway Research Board, 
Spec'.1 Report 4, 1952, Washington, D. C.:; also The WASHO 
Road Test, Part 2, Test Data, Analyses, Findings. Highway 
Rese. ch Board, Special Report 22, 1955, Washington, D. C. 
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of trucks in the traveled lane. Current data 
on lateral positions of trucks in normal traffic 
were needed for designing new highways and 
for scheduling vehicle operations on the 
AASHO Road Test in Illinois. The Bureau 
of Public Roads was requested to supply such 
data which were to be representative of two- 


Reported ' by ASRIEL TARAGIN, Chief, 
Traffic Performance Branch 


lane highway and four-lane divided highway 
operations on sections with 12-foot traffic 
lanes. Bituminous and _ portland cement 
concrete pavements were to be included in 
the study. 

Vehicle placement data were already avail- 
able as a result of a number of studies recently 
conducted as part of the regularly scheduled 
driver behavior research program.‘ Special 
studies were conducted during the summer of 
1956 in Illinois, Missouri, and Ohio to supple- 
ment existing data and to include several 
States in the general area of the AASHO Road 
Test. The results presented are based,,on 
placement data recorded at 119 rural locations 
in 17 States, as shown in table 1. A total of 
135,000 vehicles of all types were studied, of 
which more than 20,000 commercial vehicles 
are included in the present analysis. 

Commercial vehicles for this study include 
trucks with dual tires on the rear axles, 
tractor-trailer combinations, and buses. Place- 
ment data were recorded for a minimum of 
100 commercial vehicles at each location. 
For the purpose of this article commercial 
vehicles will be identified as “‘trucks.’”’ These 
trucks constituted on the average about 15 
percent of the total traffic. The range in 


4 Driver behavior related to types and widths of shoulders on 
two-lane highways, by Asriel Taragin. PUBLIC Roaps, vol. 
29, No. 9, Aug. 1957. 


Table 1.—Number of locations and trucks studied for placements on pavement sections 
with 12-foot traffic lanes 








Two-lane highways Four-lane divided highways 
State Year of Trucks Trucks 
study | Locations Jind Locations 3 7 
studied studied 
Number Percent of Number Percent of 
observed | total traffic observed | total traffic 
Arizona- 1955 9 896 15 
California 1955 10 2, 848 15 ered e 
Colorado-_- 1955 3 547} 10 
Tdano...... 1955 7 861 11 | | 
} | j 
Illinois 1956 6 1,119 19 10 | 1,532 | 12 
Iowa 1955 3 622 15 ss : p 
Louisiana 1956 5 917 17 1 150 | 6 
Maryland..- 1954 5 1, 192 13 : | : 
j | 
Missouri. 1956 6 651 13 8 | 865 | 14 
New Mexico-- | 1955 2 472 15 ~ a, 
Ohie.. ..<: 1956 4 702 22 5 | 703 21 
Oregon...-- 1955 5 R38 12 
Pennsylvania_- - ‘ 1948 : 13 2, 615 | 14 
i 1955 6 745 14 ae ae 
Uten....... 1955 7 851 15 ty Se! = ‘ 
Virginia--- : 1953 | =e 2 935 20 
Washington-- 1955 2 342 10 | 
Welel 5 ~~ .occdeocss 80 | 13, 603 14 39 | 6,800 | 15 
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Table 2.—Distribution of placements of trucks on rural two-lane pavements with 12-foot 


traffic lanes and grass or gravel shoulders 












































Distribution of place- 
ments on level tan- | Distribution of placements on level curve sections 
gent sections paved (2° to 6°) paved with— 
with— 
All pave- 
Distance from center of truck ment sec- 
to centerline of pavement ! Portland cement con- | Bituminous materials 2 tions 
Portland Bitumi- crete 2 
cement nous ma- 
concrete terials 
Inside lane} Outside | Insidelane| Outside 
lane lane 
Feet Pet Pet Pet. Pet. Pea Pet Pet 
i 0.1 | Ok -aweaeene TR \ atemante me. me ee (3) 
1.0-1.9_.. ee 0.2 ios an oiled ine 0. 0.2 0.2 
2.0-2.9_.. - ree .4 = Je, Ae eee 1.1 2 1.7 .6 
DEL a ssnuuancgagawness oF ; 2.1 —— ae 4.2 1.5 
4.0-4.9__. 6.5 11.6 16. 6 9.1 4.7 20.3 11.5 
6.0-5.9__. = 28. 2 | 30.8 31.2 33. 6 18.8 39.7 30.4 
6.0-6.9__. ‘s 47.2 41.8 38.5 47.4 50.4 27.8 42.2 
7.0-7.9.... 15.5 11.1 11.6 8.8 24.0 5.6 12.8 
8.0-8.9___. 1.4 ae a Pe 5 a 
9.0-9.9___ einai ; At) Sadana iowa -3 AIS. ae 
10.0-10.9._. 7 EG PERERCERS RO SRCT) Beecect ee, feo eee (3) 
| aoe én Je |60O ot) Cewebiaes © wanecnne | -Sudemoas WE saewenas (3) 
eo S a 2 ~«asmases 1 ‘seeueced | ‘Suececde 2 Gadducws (3) 
| ERS wD 100.0 100.0 100.0 100.0 100.0 100.0 100.0 








1 For distances below 4 feet, trucks were straddling the centerline; for distances greater than 8 feet, trucks were encroaching 


on the shoulder. 


2 Inside lanes on curves to the right and outside lanes on curves to the left. 


traffic volume was from 100 to 500 vehicles 
per hour for both directions of travel on two- 
lane roads, and from 200 to 1,000 vehicles per 
hour for one direction of travel on four-lane 
divided highways. 

Truck placement data were recorded on 
bituminous and on portland cement concrete 
surfaces, on level tangent sections, and on 
horizontal curves of 2 to 6 degrees. There 
were sections with grass or gravel shoulders 
for all four of these conditions. In addition, 
there were bituminous-paved shoulders adja- 
cent to the travel lane on some of the two-lane 
level tangent sections. 

For the two-lane studies each truck was 
classified as to whether it was free-moving 
(uninfluenced by other traffic), meeting other 
vehicles (affected by opposing traffic), or other 
(neither free-moving nor meeting). Trucks 
overtaking and passing other vehicles were not 
included in any of these groups. 

For the four-lane studies trucks were classi- 
fied into three similar groups: The first group 
was free-moving trucks; the second group was 
identified as adjacent to other vehicles, in 
place of meeting other vehicles as used for 
two-lane roads; and the third group consisted 
of trucks that were not placed in either the 
first or second classification. It was found that 
because of the low volumes during the study 
periods the greatest percentage of trucks were 
in the free-moving group. The average lateral 
positions of the meeting trucks (on two-lane 
roads) and adjacent trucks (on four-lane roads) 
were 0.4 to 0.8 foot farther from the centerline 
of the pavement than the free-moving trucks. 
The distributions of placements for free- 
moving, for meeting or adjacent, and for other 
trucks have been combined in this article, and 
the results are shown in tables 2—5 and in 
figures 1 and 2. 

The placement values shown in these tables 
and graphs are for the position of the center of 


72 


PERCENTAGE OF COMMERCiAL VEHICLES 


50- 


40 


30 


20 


50— 


40 


30 


20 


50r-- 


40 






30 


20 


3 Less than 0.05 percent. 


2 


DISTANCE CENTER OF VEHICLE WAS FROM CENTER 
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the truck with respect to the center of the 
pavement. Placement data were recorded for 
both the right and left wheels of each vehicle, 
It was found, however, that the position of the 
center of the vehicle could be determined more 
accurately and the results were simpler to 
analyze. The width of trucks for this study 
was assumed to be 8 feet. Thus, to determine 
the position of the right edge of the right 
wheels with respect to the pavement edge on 
12-foot lanes, the value for the center of the 
truck was subtracted from 8. This value of 8 
is obtained by subtracting half the truck width 
from the lane width, or 12 feet minus 4 feet, 
For 11-foot lanes the factor is 7, and for 10- 
foot lanes the factor is 6. 


Lateral Placements on Two-Lane 
Highways 


Table 2 shows the distribution of placements 
of trucks on two-lane roads with grass or gravel 
shoulders. Of the 40 locations studied, 32 
were on level tangent sections and 8 were on 
horizontal curves. It is evident in figure 1 


ALL 2-LANE 
ROADS 


(2° to 6° Curves Incl.) 


12 Gress or gravel 
shoulders 


CONCRETE 
PAVEMENTS 
(Level Tangent) 


6 8 10 12 Grass or grovel 
shoulders 
|a—Avg. 5.8' 
| 
BITUMINOUS 
PAVEMENTS 


6 


8 10 


(Level Tangent) 


12 Grass or gravel 
shoulders 


Figure 1.—Distribution of lateral positions of trucks on two-lane highways 
with grass or gravel shoulders. 
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Table 3.—Placement data of trucks observed at individual locations on rural two-lane level 
tangent pavements with 12-foot bituminous traffic lanes and grass or gravel shoulders 























Percentage of trucks— 
Study Shoulder Number Average 
State section | width, in | of trucks | placement,'!| Straddling | Traveling Encroach- 
number feet observed in feet center- entirely ing on 
line of in traffic shoulder 
pavement lane 
i ttiaeniaaseenceaieseene 1 2 90 me. | scmenme ae 
| Rae ee 2 3 48 5.8 2.1 95.8 2.1 
Se cae ene 3 4 210 5.6 2.9 93. 3 3.8 
; | Eerie riesenerees + 4 219 6.0 9 ee. |f  wseeneeuve 
|” ee 5 4 107 5.7 9 98. 1 1.0 
DR ih ccccmnearamck scien 6 46 165 6.1 aeigmeaiee 99. 4 .6 
0 eee Fj 5 129 5.9 1.5 87.7 10.8 
Ne cence seed 8 5 119 | a? eee (ee 
EE coridnicinnanan ces aeteien 9 5 181 Se | seenasee 98.9 1 
J” ee 10 §&-7 254 5.8 1.2 OS ee 
ee nee anaes ll 6 117 a ere 98.3 LT 
_ SSS eee 12 6 181 5.6 1.2 97.7 ; 
Now Biexice...........<.-.... 13 7 185 5.9 1.1 94.1 4.8 
ee 14 8 141 5.2 3.5 95.8 oe 
BS tessinkwidascuiaueeeee 15 8 141 me. oh Secsccee a ees 
pS a eee 16 8 289 5.7 %3 a — — — EE 
ae ea ene 17 8 259 6.1 .4 97.7 1.9 
Oe ee 18 8 287 6.2 2.1 87.7 10.2 
ae 19 8 121 6.1 7 92.5 5.8 
0 eee 20 10 170 5.9 1.8 90. 5 ae 
Nite cece endnecsanccen 21 10 131 5.9 2.3 96. 2 1.5 
See a ee 22 10 211 5.9 1.9 95.4 2.7 
P5555 hs ecaceedeeescese 23 10 216 6.4 5 92. 6 6.9 
SE aE Reade peaeeeds 24 10 lll 6.0 4.5 87.4 8.1 
J eens 25 10 123 5.4 7.3 a eee 
| 
Average or total_..__._._- | eaeeees 7 4, 206 5.8 1.8 95.3 2.9 




















1 Distance from center of truck to centerline of pavement. 


that on level tangent sections there was little 
difference between the average placement on 
bituminous surfaces and concrete surfaces. 
The slightly greater range in the distribution of 
placements on the bituminous pavements is 


Table 4.—Distribution of placements of 
trucks on rural two-lane level tangent 
pavements with 12-foot traffic lanes and 
bituminous-paved shoulders 











| Bituminous-paved traffic 
lanes with— 
Portland 
cement 
Distance from /|concrete} Combi-| Con- 
center of truck |and 8-to| nation- | trasting | Match- 
to centerline of | 10-foot type bitumi- | ing bitu- 
pavement ! bitumi- | shoul- nous | minous 
nous ders, shoul- | shoul- 
shoul- | 8 to 10 ders, ders, 
ders feet 6to10 | 8 feet 
wide 2 feet wide 
wide 
Feet Percent | Percent | Percent | Percent 
ge Dee 0.1 0.2 0.1 
1.0-1.9__ — 1.6 2.8 ok <a 
+ > ae ae .6 om .3 
re at .8 x oe 
a | ares 6.6 3.8 4.4 LZ 
>. 23.1 18.2 14.6 5.3 
ee 47.5 34.3 31.3 9.7 
7.0-7.9_ eat 12.5 18.5 18.3 13.4 
S0-60......... 5.0 11.6 13.3 13.1 
9.0-9.0. -. =... oo” 3.5 6.1 12.0 
10.0-10.9....... .6 1.9 3.6 14.7 
1G... 1 A 1.4 2.4 10.6 
13:0-12:9.. ..-..- 3 2.4 2.4 7.6 
13.0-13.9_.-.... 2 a 2.0 5.7 
Le SS Beas ee Pe | 2.8 
CS Bee eee 2 9 
ae aS Tee, aes a Re 
Oren) co Pe PF .6 
Total____| 100.0 100.0 100.0 100. 0 























! For distances less than 4 feet, trucks were straddling the 
centerline of the pavement; for distances greater than 8 feet, 
trucks were encroaching on the shoulder. 

? Four-foot contrasting bituminous shoulders plus 4 to 6 
feet of gravel on the outside. 
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due primarily to the larger sample size and the 
greater number of locations studied. 


Horizontal curves of less than 6 degrees 


apparently did not affect the lateral placement 


of vehicles. This was particularly true on 
concrete surfaces. Because of the small differ- 
ence between the placements on the several 
types of alinement on two-lane roads, the data 
for all sections were combined and are shown 
in the last column of table 2 and in the top 
graph of figure 1. Only 0.8 percent of all 
trucks encroached on the grass or gravel 
shoulders of two-lane roads with 12-foot traffic 
lanes. Encroachment on the left lane 
amounted to 2.3 percent. Nearly three- 
fourths of the trucks maintained a lateral 
position within 1 foot of the center of the lane. 
The average lateral position of the centers of all 
trucks was 5.8 feet from the centerline of the 
pavement on two-lane roads. In other words, 
the center of the average truck was 0.2 foot to 
the left of the center of the traffic lane. 

Table 3 shows data for each of the 25 loca- 
tions included in the results shown in the 
third column of table 2. At only 5 of the 25 
locations did the lateral placements differ 
more than 0.3 foot from the average place- 
ment for all locations. Forty percent of the 
locations had placements within 0.1 foot of 
the average. It is obvious that the average 
data are very consistent and may be used 
with confidence. 

Table 4 shows the distribution of place- 
ments on two-lane highways having 12-foot 
lanes with bituminous shoulders. Only level 
tangent sections are included. The widest 
range in the distribution of placements was 
found on sections with matching bituminous 


Table 5.—Distribution of placements of trucks on rural four-lane divided highways with 
12-foot traffic lanes and grass or gravel shoulders 





















































Distribution of placements | Distribution of placements on level curve 
on level tangent sections sections (2° to 6°) paved with— 
paved with— 
Ce All pave- 
Distance from center of truck | ment sec- 
to centerline of pavement ! Portland cement concrete tions 
Portland | Bituminous | Bituminous 
cement | materials materials, 
concrete | Curve to Curve to left | curve to left 
right 
LEFT TRAFFIC LANE 
Feet Pet Pct. | Pet Pet. Pet Pet. 
ee ee 0.1 0.1 | Kuddatiube | weeacesies, Ga) eoeaeeee () 
(i) aes ee .5 1.0 0.2 0.7 1.9 0.9 
ERE ee ee 2.3 3.2 1.6 3.6 3.1 2.7 
LS ae reee eearas 1.5 9 1.0 9 1.6 1.2 
WS ne oe daceeeee Pf | 4 3 1.6 .8 .8 
SE ee ee 3 | ty 5 1.0 .4 5 
RE. = 6 oie uctneenaed 3 (Breer ee reg) nnn oe * .6 .8 2 
J) SS eee ss | 2 a 3 .4 3 
2: LES SS <a jes ore 4 Re: 8 whe stb ceee .3 
I icirieaneenicminionn 5.7 | 5.9 4.2 9.8 9.0 6.9 
} 
RIGHT TRAFFIC LANE 
0.0-0. Oe | keccteoes. FB xacuecsece es ° fl Measememwd 0.1 
1.0-1. .2 0.4 0.7 1.5 2.4 ee 
2.0-2. + ne (eee 8 5.3 2.2 1.8 
3.0-3. 2.2 Li 11.9 9.1 8.7 6.6 
4.0-4. 13.1 6.4 22.8 29.7 19. 2 18.2 
SS Ee Cee ee 37.4 24.8 40.9 30. 2 29. 6 32.6 
OT a 36. 2 49.3 17.2 12.2 23. 1 27.6 
fo) eee 4.2 11.3 1.5 1.9 5.8 4.9 
ee eee 2 . ee eee, eee co | Ee ee 2 
| Ee ee ‘e- } Sesesecden Bt acacescsia 9) seaccuebes (2) 
WE coanciunsasaron 94.3 | 94.1 95.8 90.2 91.0 93.1 





























ing on the shoulders for right lane and median for left lane. 


2 Less than 0.05 percent. 


1 For distances below 4 feet, trucks were straddling the centerline; for distances greater than 8 feet, trucks were encroach- 
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Figure 2.—Distribution of lateral positions of trucks on four-lane divided highways 
with grass or gravel shoulders and median. 


shoulders and traffic lanes. 


On these sectioris, 
which did not have edge markings, nearly 
70 percent of all trucks traveled partly on the 
shoulder. Of the trucks meeting other \e- 
hicles (not shown in table 4), nearly 80 
percent encroached on the shoulder. Fn- 
croachment on the left traffic lane varied from 
1.2 to 4.3 percent. The greatest encroach- 
ment on the left lane occurred on bituminous 
pavements with combination-type shoulders 
(part bituminous and part gravel), 8 to 10 
feet in width, whereas the least encroachment 
was found on sections with bituminous-paved 
traffic lanes and shoulders. 


Lateral Placements on Four-Lane 


Highways 


Table 5 and figure 2 show truck placements 
in the left and right lanes of four-lane divided 
highways. Of a total of 39 locations studied, 
27 locations were on level tangent sections 
paved with portland cement concrete. The 
placements in the right lane on level sections 
of four-lane divided highways were very 
similar to the placements on two-lane high- 
ways. On horizontal curves, the placements 
on the four-lane divided highways were closer 
to the center of the pavement than on the 
two-lane roads. Because of the low traffic 
volume, only about 7 percent of the trucks 
traveled in the left traffic lane of divided 
highways. On the level tangent sections, the 
lateral position of trucks in the left lane with 
respect to the center of the pavement was 
about the same as the lateral position in the 
right lane. 

Figure 3 shows the relation between the 
hourly volumes and the percentages of vehicles 
traveling in the right lane on a four-lane 
divided highway. At a volume of 500 or less 
vehicles per hour, at least 90 percent of the 
commercial vehicles and 73 percent of the 
passenger cars used the right lane. The per- 
centage of trucks using the right lane decreased 
to 75 percent with an increase in the volume 
to 2,000 vehicles per hour. Above this volume 


Table 6.—Number of locations, size of sample, average speeds, and average placements of trucks included in studies on two-lane highways 


and four-lane divided highways 






































| | Four-lane divided highways 
Two-lane highways | oe - ae . 
Surface types of pavements with grass or gravel | Left traffic lane Right traffic lane 
shoulders | ak aes sere aoe = . smaahios are i ae 
7 Number of | | 
Number of| Size of | Average | Average locations | Average | Average Sizeof | Average | Avera 
locations | sample speed | place- | speed | _ place- sample speed place- 
ment ! ment ! ment 
re ae : See & : oe See! yeaa | : 
LEVEL TANGENT SECTIONS 
. , he : — - | 7t GU seme Oe wee Bees mere me 
M. p. h. Ft. | M. p. h. | Ft | M. p.h Ft. 
Portland cement concrete pavements. - - 7 7 | 1,473 43.5 | 6.0 27 | 62.3 | 5.4 | 4,602 | 46.2 5.6 
Bituminous pavements. | 25 4, 206 46.8 | 5.8 3 | | 47.4 5.8 585 44.1 5.9 
LEVEL CURVES (2 to 6 degrees) 
(i caiaihameataa — — A Pen ie 00 = Sopcast laine osaeaeeigieametaatoerapae sees 
Portland cement concrete pavements: 2 | | | | | 
Curve to right..___- ; : saweth ° f 169 | 43.2 §.7 3 46.7 5.2 475 | 40.7 | 5.1 
I oinncnscnoccncnannn- it iy 7% 192 | 414 5.8 | 4 53. 5.0 | 454 | 490 | 41 
Bituminous pavements: ? | | | | | } 
Curve to right... _. 5 --|} 447 | 42.7 | 6.2 ; ode! | satetheecer Bf amebien N Aitereies 
Curve to left... _- a 447 | 42.0 5.3 2 43.6 5.6 | 189 42.0 | 5. ( 
SUMMARY 
= ae A a ae : ONE = Bi ~— a ee 
All pavement sections_____- *s icieGipawiewada | 40 | 6, 934 | 43.3 5.8 39 | 495 | 48.6 | 5.4 | 6, 305 | 44.4 | 5.2 J 
J ‘ 














1 Distance from center of truck to centerline of pavement. 
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?For two-lane highways, ‘“‘curve to the right” indicates an inside lane and ‘“‘curve to the left” indicates an outside ‘ane. 


August 1958 © PUBLIC ROADS 





PERCENT 





IS 

arly 
the 
Vee 


80 


rom 
uc h- 
Ous 
Jers 

10 
lent 
ved 


Le 


ents 
ded 
ied, 
ions 
The 
ions 
yery 
igh- 
nts 
oser 

the 
affie 
icks 
ded 

the 
vith 
was 

the 


the 
icles 
lane 
less 
the 
the 
per- 
ased 
“ime 
ume 


yays 








COMME 
R 
CIAL VEHICLES IN RIGHT LANE 


Pp 


Ss¢_¢ 
NGe 
R CARS IN RIGHT LANE 


PERCENT 


E 
RACIAL VEHICLES Wer 
E OTAL TRAFFIC — BOTH LANES 





oO 2 - 6 8 10 61206 14@ 160 BC HK KC R 84H8E 
TOTAL VOLUME IN ONE DIRECTION-HUNDREDS OF VEHICLES PER HOUR 


Figure 3.—Percentage of vehicles using right-hand lane of a four-lane divided highway and 
the percentage of commercial vehicles in the traffic stream during various hourly traffic 
volumes. 


Table 7.—Distribution of placements of trucks on rural two-lane level tangent pavements 
of different widths and shoulder surface types 




















Distribution of placements | Distribution of placements | Distribution of placemnents 
on 10-foot traffic lanes on 11-foot traffic lanes | on 12-foot traffic lanes 
with— with— | with— 
Distance from center of truck <4 _| 
to centerline of pavement ! | 
Contrasting Grass or Contrasting Grass or | Contrasting Grass or 
bituminous gravel bituminous gravel bituminous gravel 
shoulders shoulders shoulders shoulders | shoulders shoulders 
Feet Percent Percent Percent Percent | Percent Percent 
0.0-0.9..- acters ak Jenene 0.2 0.2 0.2 0.2 0.1 
ee eee ane 0.5 2 a 2 re ok 
2:0-2.9....... 1.0 .8 ae | 1.2 | a | ¥ 
2 | 4.9 3.3 1.9 5.0 ei 9 
>) EE 30. 8 32.6 7.8 19.1 | 4.4 9.0 
og a RE, Se eee 23. 8 52.2 30.0 41,2 14.6 29. 5 
| 
Jai eee ge Sed 14.1 9.6 37.8 30.3 31.3 44.5 
if Raine 13.1 .4 10.8 2s. | isa | 13.3 
J hf ae 7.9 re | 4.0 () 13.3 1.6 
oe, eI REE: 3.9 .5 Se eae | 6.1 a 
| SEO Bree a 2.1 a 3.6 l 
11.0-11.9__.__- ee LT eee eee ee ees: 4.2 | 2. 4 - 
2 | SS eeeeee ae Pease 1.6 2.4 l 
J See ‘ " Wee Oe) 9 a tse | | 2.0 
RE en ee ec ene S aa 1 
15.0-15.9 ____. ec 2 | CEN EA ae i 2 
16.0-16.9__ REE POETS: ACI Le BS 
a ee) 100.0 100.0 100.0 100. 0 | 100. 0 100. 0 




















4 For distances less than 4 feet, trucks were straddling the centerline of the pavement; for distances greater than 6, 7, and 
8 feet for 10-, 11-, and 12-foot traffic lanes, respectively, trucks were encroaching on the shoulder. 
3 Less than 0.05 percent. 


Table 8.—Number of locations, size of sample, average speeds, and average placements of 
trucks on two-lane highways with 10-, 1l-, and 12-foot traffic lanes 




















Lane widths and shoulder types Number of Size of Average Average 
locations sample speed placement ! 
a | 
| 
-foot traffic lanes with— M. p. h. | Feet 
Contrasting bituminous shoulders_---_. Sea ee 2 140 42.6 | 5.7 
.. , raed Or gravel shonlders......--.-.......--.--.-..--.- 8 716 | 42.6 5.0 
1|-foot traffic lanes with— 
Contrasting bituminous shoulders__.-.......-_.--____-- 6 1, 142 44.4 6.3 
Grass or gravel shoulders... ..............-<.<...--..-.<- 10 1, 525 40. 5 5.3 
12-foot traffic lanes with— 
Contrasting bituminous shoulders__.._-__-_-_-._--__-- 15 2, 926 48.4 7.1 
Grass :or gravel shoulders... ..................-...-.--- 32 5, 679 | 45.2 5.9 











* Distance from center of truck to centerline of pavement. 
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the percentage of trucks in the right lane 
remained constant at 75 percent. In other 
words, the left lane of travel was used by less 
than 25 percent of the trucks during the 
heaviest traffic volumes, and by less than 10 
percent of the trucks during volumes below 
500 vehicles per hour. 

Trucks constituted a decreasing proportion 
of the total traffic as the volume increased. 
At volumes of 500 vehicles per hour for one 
direction of travel on a four-lane divided 
highway, 20 percent of the vehicles were 
trucks; at volumes of 3,500 vehicles per hour 
only 3 percent of the vehicles were trucks. 
The results shown in figure 3 are based on 
recent data recorded on a principal four-lane 
divided highway south of Washington, D. C. 

Table 6 is a summary of the studies made 
on both two-lane highways and four-lane 
divided highways. Included are the number 
of locations studied, the size of samples, the 
average speeds of vehicles, and the average 
placements with respect to the centerline of 
the pavements. 

In addition to placement data on pavements 
with 12-foot lanes, there is interest in data 
on pavements with lane widths other than 
12 feet. Table 7 shows the distribution of 
placements of trucks on two-lane roads with 
10-, 11-, and 12-foot lanes including both 
bituminous and concrete pavements. For 
each lane width the data are shown separately 
for sections with bituminous shoulders and 
grass or gravel shoulders. 

As indicated in table 8 for traffic lanes of 
the same width, the placements on sections 
with bituminous shoulders are considerably 
farther from the centerline of the pavement 
than on sections with grass or gravel shoulders. 
The results of this study confirm the results 
of earlier studies’ that bituminous-paved 
shoulders which appear distinctly different 
from the traffic lane increase the effective 
pavement width at least 2 feet, regardless of 
the lane width. 





5 See footnote 2, p. 71. 


Highway Statistics, 1956 


The Bureau’s Hiagnway Sratistics, 1956, 
the twelfth of the bulletin series presenting 
annual statistical and analytical tables of 
general interest on the subjects of motor fuel, 
motor vehicles, highway-user taxation, financ- 
ing of highways, and highway mileage is now 
available. 

The 140-page publication may be purchased 
from the Superintendent of Documents, 
Government Printing Office, Washington 25, 
D. C., at $1 a copy. The series of annual 
bulletins that are available from the Super- 
intendent of Documents are indicated on the 
inside back cover of Pusiic Roaps. 
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